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INTRODUCTION

The maintenance of soil productivity depends largely on those fac-

ters which are commonly referred to as farm

practices, notably cul-

tivation of the soil, crop Totation, the use of fertilizers and agricultural

lime, land drainage, and irrigation.
kinds of soils and the more or less estab i
three of these farm practices assume outstanding prominence:

Cultivz}tior}; (2) rotation of crops; and (3) the use of fertilizers.
Cultivation of the soil includes the preparation of a suitable sced
bed and any subscquent stirring of the soil to kill weeds or to eon-

serve soil moisture.

Taking into consideration all
lished systems of agriculture,

1)

The preparation of the secd bed, a practice

which has come down to us from times immemorial, is universally
-recognized as a neccssary first step in the production of farm crops
00835—26t—1
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regardless of the produeing power of the soil, whereas tho importance
of subsequent cultivation or intertillage was not given %cne_ral Tecog-
nition in praetical farming until near the close of the elghtecnal
century (14, pp. 148-175). y ) ¢

Crop rotation—the growing of different kinds of erops in recur-
ring sueeession on the same land—has been recognized by ecarly
agricultural scientists to be the foundation of the improvements
in agrieulture which took place in England, in large portions of con-
tinental Europe and in the United States during the last part of the
eighteenth and especially during the last century (9, p. 195), The
benefits to be derived from the growing of leguminous croi)\s in alter-
nation with the cereals were distinetly recognized by the ancient
Romans (2, 18); and the benefits of growing intertilled turnips or
root crops 1n rotation with barley, clover, and wheat were discovered
about, or after, 1730, in England.

Fertilizers such as dung, marl, ashes, and green-manuro erops
were ‘used in soil improvement in ancient times; but it was not
until after about 1840 that chemical or manufactured fertilizers
were known or received much reeognition. In modern times, espe-
cially in the older agricultural sections, the use of manure or chemi-
cal fertilizers, or both, is commonly regarded as the paramount
farm practice to assure sueceessful -erop produetion or to maintain
the produetivity of soils. The term fertilizer, as it is used in this
bulletin, ineludes farm manure and chemieal fertilizers.

The fact that the value of fertilizers may be easily and definitely
demonstrated on certain soils which are in need of special kinds of
fertilizers or on soils low in produeing power because of exhaustive
eropping, has established the value of chemieal fertilizers, partic-
ularly in seetions where fertilization practices have become estab-
lished. And ‘thus it seems logical to. credit the bulk of cro yields
in these sections to the fertilizers used. It is not assumed that the
value of ‘erop rotation is entirely overlooked. On the contrary, the
fact that in most of these older seetions, where systems of farming
have become more or less established, crop rotation is eommonly
practiced gives evidence of the recognition of its value.

. The offects of crop rotation on yields are manyfold: Rotation
#1ds in controlling weeds and certain crop pests and discases. It
may render manure and chemieal fertilizers more effcctive. It
Inereases the soil supply of organic matter and nitrogen, improves
tilth, and conserves the soil reserve of plant nutrients; and the
different crops in themselves may exert benefieial effects on those
which follow.

The total effects of rotation when conjoined with fertilizers may
be measured by determining the difference in the yields obtained
with fertilizers”in rotation and with the same fertilizers in con-
tinuous culture; that is, when a erop is grown continuously on the
same land. The questions now arise: (1) What is the value of crop
Totation as eompared with the use of fertilizers in crop produetion?
(2) When & farmer combines the use of fertilizers with rotation of
crops, do these two farm practicos when thus eonjoined produce
additive effects in Promoting inereases in crop yields% (3) What are

the comparative values of erop rotation and fertilizers in maintain-
ing and inereasing soil productivity?

! Reference i3 made by number (italic) to *“Literature cited’ p. 68. :
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There is another aspect of the question regarding the effects of
rotation on crop yield, which is perhaps the more important one;
namely, the value of crop rotation in relation to the natienal food-
production problem. From this point of view, cultivation of the
soil, crop rotation, and the use of fertilizers are still to be regarded
as the dominant farm practices not only in maintaining but in increas-
ing our Nation’s food supply. As regards its maintenance, much
will depend on good cultivation and judicious use of fertilizers.
But what of the value of crop rotation? As regards increasing our
food supply, how much can the average yicld o% wheat or corn, for
example, be increased by improving present methods of cultivation?
Hew much additional increase can be effected by establishing mere
systematic crop rotation or by improving the rotations now being
practiced? And how much ean these increases be augmented sti
more by a more general and intelligent use of manure and chemical
fertilizer?

PRIMARY OBIJECTS OF STUDY

Inasmuch as any attempt to answer these questions, espccially as
regards crop rotation, without any specific knowledge of the value
ef rotation may result in bare speculation, it seems logical to study
experimental data with a view, in each case (1) to eterminining
some more or less definite measure of the value of rotation in crop
})roduction) and (2) to comparing its beneficial action with that of
ertilizers in maintaining and increasing soil productivity. These,
briefly stated, are the primary objects of this study.

METHOD OF STUDY

Whatever mcthod may be applied to experimental data in evalu-
ating absolute or relative values of crop rotation and the use of
fertilizers in crop production and in maintaining and increasing soil
fertility, at least four conditions must be met echrimentally before
such vatues can be ascertained: (1) The value of the effects of cro
rotatien and the use of fertilizers must be based on long-continueg
fertility experiments; (2) in any particular case a crop must be
grown with and without fertilizers in continuous culture and in rota-
tien and on the same type of soil; (3) comparable yields must repre-
sent the same seasonal effects; and (4) the fertilizer treatment given
a 1crop in rotation should be similar to that given in continuous
culture. |

The fact that crop rotation is a system of cropping which extends
over a longer or a shorter period of years necessitates a consideration
of the long-time fertility tests. A fertilizer may be applied before,
at, er after planting time, and the results may be measured, in part
at least, the same year. Such a demonstration can not be made
with crop rotation. = A fertilizer is a definite, physical object which
can be measured, weighed, and applied to a soil. A rotation, on
the other hand, is something abstraet, in that it possesses no material-
ity or has no hysical reality as does a fertilizer. It is, rather, a
eoncept connoting the attributes of a particular system of cropping,
whose cffects, in general, may be measured only after a series of
years.

From the four differently treated plots furnishing the basic data
for this study are obtaine({ in cach case, the following comparable
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crop yiolds; the average yield without fertilizer and rotation (check-
plot yield in continuous culture), the yield resulting from the use
of fertilizer alone (yield from fertilized plot in continuous culture),
the yield in rotation without fertilizers (c ocl::-{)lot yield in rotation),
and the yield in rotation with fertilizers (yield from fertilized plot
in rotation). r 4 " .
Though this study calls for a consideration of the long-time soil-
fertility experiments, yet the data of all such experiments can not
be used, since in some instances, those at State College, Pa., for
example, none of the crops which make up the rotation are grown
in continuous culture (3). ; of | 1L
The soil is an important factor in determining the comparability
of continuous-culture and rotation yields in oach experiment. For-
tunately, in the long-time fertility experiments mvolv1_n% yields in
rotation and continuous culture, practically the same kind of soil is
under test in each case. -
The seasonal effects on crop yields are well known and are usually
given careful consideration when comparisons are made of crop
yields. In some of the long-continued experiments the rotation Flots
are repeated as many times as it is necessary to give the yield of
each crop each year; whereas in other experiments there is no repli-
cation of the rotation plots. In the case of the former experiments,
an average yield in continuous culture for a series of years 1s com-
arable with the average yield of the same crops grown in rotation
})or the same period of years. Such yields are comparable, since they
include the same number of years and the same seasonal effects. On
the other hand, in those experiments where the rotation plots are
not repeated, an average yield for a series of successive years in
continuous culture is not comparable with an average yield of the
same crop grown in rotation for the same period, since the rotation
average represents a less number of years and reflects a different
combination of seasonal effects. In such cases comparisons between
articular yields in continuous culture and rotation may be made
y taking the average yield of a crop grown in rotation and com-
paring it with the average of the yields obtained during the same
years in continuous culture. At Rothamsted, for example, wheat is
grown continuously on the same land and also in a four-year rota-
tion which is represented by only a single series of plots. Experi-
mental data for 72 years include 18 wheat yields in rotation and
72 yields in continuous culture. An average yield of the 18 crops
grown in rotation is comparable with an average yield in contin-
uous culture only when the latter average is obtained from the 18
yields which have been obtained in continuous culture during the
same years that wheat has been grown on the rotation plots.
Inasmuch as this study involves a consideration of not only the
effects that rotation and the use of fertilizers have on crop yields
when acting independently of each other, but also their conjoint
effects, as compared with their single effects, it is important that the
crops in rotation be fertilized the same as in continuous culture. This
raises the question as to the kind of chemical fertilizers that should
be selected for comparable yields.
In some of the long-time experiments are included the results from
chemical fertilizers which carry one, two, or all three of the major,
nutrient elements; that is, nitrogen, phosphorus, and potassium. In
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this study results from complete fertilizers have been scleeted,
beeause it is to be observed that, in these long-time experiments,
eomplete fertilizers are more eonsistently effeetive in maintaining
and inereasing soil produetivity than those in which one or two of
the maf'or fertilizing constituents are lacking. Thus it seems logieal,
especially since results from manure are also included, to compare
the value of rotation with the effeetiveness of those chemical ferti-
lizers which are most effieient jn soil-fertility maintenance. The
details coneerning the eomposition of the fertilizers and the quantity
applied are brought out in the diseussion of eaeh of the experiments
ngieh have been selected for study.

EXPERIMENTS SELECTED FOR 8TUDY

From all published, offieial data it has been possible to seleet six
groups of long-time experiments (Table 1) which satisfy the eondi-
tions discussed in the foregoing Ilwlara raphs. They are named in
ehronologieal order according to the dates when comparable yields
begin, though in some cases the experiments were begun several
years before the dates indieated. The results of these experiments
are discussed in the order named.

-

TABLE 1.—Long-time conlinuous-cullure and rolalion experiments

Dates of comparable |
Locatlon ‘ yleldsp

Crops involved
{ -

Rothamsted, 1{ertford County, England....| 1851 to 1921, inclusive_.| Wheat and hariey.
ColmblaiNos s o=l oo oo Lt LR 1889 to 1018, inclusive.. lnt{ign corn, oats, wheat and timo-

Yo
Weoster, OMIOY ssziuoa-inscocioesnbonios 1804 to 1918, inclusive..' Indian corn, oats, and wheat.
Germantown, Ohio. o ceveeeeenncccnnannnan.. 1903 to 1918, inclusive..| Tobacco.
Urbana, 11l (Morrow plots)................. 1904 to 1917, inclusive._.| Indian corn.
Florence, 8. C % 1914 to 1919, inclusive..! Cotton.

- —————

-

DISCUSSION OF EVALUATION METHODS

In evaluating the effects of rotation and of fertilizers on crop yields
and in maintaining and inereasing soil fertility, at least three inethods
suggest themselves. A diseussion of these methods follows.

n order to make the discussion conerete, the average of the results
obtained with farm manure on corn at Coiumbia, Mo., will be used,
as follows:

Yield without manure and rotation (cultivation alone, ¢)—22.4
bushels.

8 Y}ile{d with manure but without rotation (¢ and fertilizer, f)—87.1
ushels.

Yield in rotation without manure (¢ and rotation, 7)—37.5 bushels.

Yield in rotation with manure (¢, », and f)—47.7 bushels.

For convenience, continuous culture without fertilizer or manure
will be called simply cultivation, ineluding the tillage necessary in
the preparation OF the seed bed and any subsequent cultivation,
whose effeet will be indicated by small ¢. Rotation and fertilizer
effects will be indicated by small 7 and f, or capital R and F, respee-
tively, indieating different values for rotation and fertilizers. In
all cases the effeets of cultivation, rotation and fertilizers will be
evaluated in terms of yicld units, as absolute values, representing
either actual yiclds or increases effected.



o | BULLETIN 1377, U, S. DEPARTMENT OF AGRICULTURE

'The increase effected in the yield of a particular crop by rotation
alone when it is combined with cultivation may not be egunl to the
increase effected when rotation is added to the combined practices
of cultivation and the use of fertilizer, In like manner the increase
effected by the use of fertilizer may differ. Thus, small » will indi-
cate the effects of rotation when it is combined with cultivation
alone, and capital B will indicate its eflects when rotation is added
to the combined practices of cultivation and the use of fertilizer.
The value for R (with fertilizer) may be either greater or less than
the value for r (without fertilizer). In a similar manner, small f
will indicate the effects of fertilizer when it is used without rotation,
and capital F, the effect when the use of fertilizer is added to rota-
tion. In the data which follow, it will be shown that the value for
F (with rotation) is often greater than the value for f (without
rotation).

The different values for rotation and for the use of fertilizer maK
be illustrated in the following manner, using the same results wit,
manure on corn at Columbia, Mo.:

Case 1
Busheis
Yield in continuous culture without any fertilizer (¢) - - - ____ ... ______ 22.4
Gain effected by use of manure in absence of rotation (f)-__—..._.___._._. 14. 7
Additional gain effected when to use of manure is added rotation (R).__ .. 10. 6
Yield resulting by adding rotation to the use of manure._._.__._.. 47. 7

Case 11
] Bushels
Yield in continuous culture without any fertilizer (¢)____..__________.___ 22. 4
Gain effected by rotation in absence of manure (r) ... _________ 15. 1

Additional gain effected when to rotation is added the use of manure (F).. 10. 2
Yield resulting by adding the use of manure to rotation. ... ... 47. 7

FIRST METHOD, INVOLVING ASSUMPTIONS

.- Ordinarily, the evaluations of rotation and of fertilizers, as offect-

Ing increases in crop yields, are calculated as follows: -

b hs;lnure without rotation, 37.1—22.4; that is, cf—c, or 14.7
ushels.

Rotation without manure, 37.5-—22.4;‘fhat 18, ¢r—e, or 15.1
bushels.

Manure and rotation conjoined, 47.7—22.4; that is, ¢fr—¢, or 25.3
bushels.

And further, the effect of manure in rotation is ordinarily measured
as the difference between 47.7 and 37.5; that is, ¢fr—er, or 10.2
bushels. Since the conjoint action of rotation and manure has
effected an increase of 25.3 bushels in the yield, it seems rcasonable,
In order to determine what portion of this total increase should be
credited to rotation, to take the difference between 25.3 bushels and
10.2 bushels, thus aryivin% at a difference of 15.1 bushels as a value
for the effect of'rotatlon.( ) when conjoined with the use of manure.

Thus, according to this method, rotation without manure effected
an mcrease of 15.1 bushels, whercas manure without rotation effected
an increase of 14.7 bushels. When actin conjointly, rotation is

ivciln la- value of 15.1 bushels of increase, and manure, a value of 10.2
ushels,
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The above method is subject to criticism, because two assump-
tions are involved. First, in arriving at the values of the effects of
rotation (r) and manure (f) when acting independently of each other,
it is assumed that the effeets of cultivation are the same when con-
joined with rotation or manuro as when it is acting alono. The same
assumption is made in evaluating tho conjoint effects of rotation and
manure. This assumption, in all probability, does not distort the
true values of rotation and manure very much one way or another,
since cultivation is the one factor which is involved in all the yields
compared; and, moreover, there secems to bo no way to determine
whether or not tho effects of cultivation represent thie same value
in all tho comparablo yields. ’

The second assumption made is that the effect of rotation (R) when
conjoined with manure is the same as when it is acting independ-
ently of manure. It seems reasonable to believo that rotation must
exert some effect on manure, and that manure, in turn, must havo
some effeet on the efficiency of rotation. In other words, it seems
highly probable, as analysis seems to show, that there is an inter-
action between rotation and the use of manure when these practices
arc combined.

If the formula ¢fr —cr (47.73 — 37.5) is corrcct.dn arriving at a value
of 10.2 bushels of increase for manure () when conjoined with rota-
tion, it is just as logical and correct to use the formula c{r—d
(47.7—37.1) to arrive at a value of 10.6 bushels for tho cffects of rota-
tion (R) when this practice is conjoined to the use of manuro. Ina

revious paragraph, the effect of rotation has been evaluated at 15.1
Eushels of increase “when eonjoined with manure, or the same as
when rotation acts in the absenco of ‘manure. According' to the
iecciiu% formula, tho rotation value is not the same, but less by 4.5

ushels.

It is a fact that must be aceepted that the conjoint effects of rota-
tion and manuro resulted in an increase, in this particular experi-
ment, of 25.3 bushels over cultivation alone. 'In arriving at this
value no assumptions are made. However, it can not' be deter-
mined just how much of this total increase should be credited to
rotation or to manure. According to the above analysis the valuo
for rotation (R), when joined to the use of manure, must lie some-
where between 10.6 bushels and 15.1 bushels; and the value for the
use of manure (F), when joined to rotation, between .10.2 bushels
and 14.7 bushels.

S8ECOND METHOD

Another method that suggests itself in this study is to consider
the cffects of cultivation, rotation, and fertilizers from the point of
view of farm practices, and to ovaluato their cffects on crop yields
in terms of the differences in the average yields obtained. - Thus,
taking the same Missouri results with manuro on corn, as used for
illustration, the practice of cultivation alone resulted in an averago
yicld of 22.4 busflels per acre; of combining the use of manure with
cultivation, 37.1 bushels; of combining rotation of crops with culti-
vation, 37.5 bushels; and of combining all three practices, 47.7
bushels per acre. Since in these evaluations no assumptions are
Involved, this second method is the first of two methoé)s used in
this study.
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The practice of using manure without rotation 'resulted in an
increase of 14.7 bushels over cultivation alone, and the practice of
rotation of crops without the use of manure resulted in an increase
of 15.1 bushels over cultivation alone. Hence, under the conditions
of the Missouri test the praetice of rotation without the use of
manure produced practically the same effects as the practice of
using manure without rotation.

The practice of conjoining rotation of crops and the use of manure
resulted in a gain of 25.3 bushels over cultivation alone, which is
within 5 bushels of the sum of the separate effects of rotation and
the use of manure. In other words, when under the conditions of
the experiment the practice of crop rotation and the use of manure
are conjoined, the effects produced on the crop yield were nearly
fully additive, or nearly as large as the sum of their separate effects.

The formula ¢r—c gives the value for the effects of rotation when
practiced independently of the use of fertilizers. This value of
rotation (r), in the experiment cited, is equal to 15.1 bushels of
increase.

When the use of manure and rotation are practiced conjointly,
from cfr— &f we derive another value for rotation, being the actual
increase effected when to the use of manure is added rotation of
crops. This value for rotation (R) inclndes not only the cffccts of
rotation in itself but, in addition, any effect that it may have on
the condition of the soil or in increasing or decreasing the cfficiency
of the manure as compared with its effects when acting in the absence
of rotatiort. In this case the value for rotation (R), in the illustra-~
tion used, is equal to 10.6 bushels of increase.

The formula ¢f—c gives the value for the effectiveness of the use
of manure when practiced in the absence of rotation. This value
for manure (f), in the experiment named, is equal to 14.7 bushels
of increase.

From the formula ¢fr —cr we derive another value for the effects
of the use of manure, being the actual increase effected when to
rotation is added the use of manure. This value for the use of
manure (F) includes not only its direct nutritive value (be it greater
or less than when it is used without rotation), but, in addition, any
interactive cffects due to conjoining the use of manure and rota-
tion-of crops. In this case the value for the use of manure (F),
in the illustration used, is 10.2 bushels of increase.

THIRD METHOD

The method selected for evaluating the beneficial effect of rota-
tion and fertilizers involves only a comparison of the effects of the
practices of rotation and of the use of fertilizers on crop yields, and
1t does not show the effects resulting from rotation and the use of
fertilizers in relation to the maintenance and increasing of soil pro-
ductivity. This necessitates a somewhat different method of study.

Maintaining soil productivi’iy implies holding or keeping up the
productive power of the soil. In case of any one of the long-time ex-
periments, the average yield of a crop at the beginning of the experi-
ment must be taken as the yield to be maintained, or it may be
termed the maintenance yield, from which the values of rotation
and the use of fertilizers in fertility maintenance are to be reckoned,
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and from which rotation and fertilizer values in increasing productiv-
ity are to be measured. ’ '

A conerete illustration may help to make clear the application of
this method. The same results obtained with manure on corn at
Columbia, Mo., as used in the previous discussions, will be used. In
Figure 1 are given the average yields per acre for the period, 1894
to 1918, in a semidiagrammatic form, showing the comparable aver-
age yields and their relative positions with reference to the main-
tenance yield of 33.5 bushels, the 5-year average yield at the begin-
ning of the experiment, for the period, 1889 to 1893, inelusive.

It is te be o{))scrved that cultivation alone (¢) fell short 14.5 bushels
in maintaining the yield obtained at the beginning of the experi-
ment; the practice of combining the use of fertilizer (manure) with
cultivation (cJ ) resulted in a slight gain of 0.3 bushel, above the main-

’

tenance yield; the practice of ‘combining rotation with ‘eultivation
cfr O P29
A
er Q323 "
P25 MAINTENANCE:  ¢f O 236 YV1ELD 55

c®s90

F10.1—~A representation of the results of sserics of long-time fertility teats on corn st Columbla
Mo., showing the relation of comparable yields to the maintenanes-and the Inerensing of so
productlvizy. Small ¢ indleates the efleets of cultivation slone; f, the effects of fertilizer
(manure); snd r, the effects of erop rotation 5 T

(er) inereased soil productivity by 5.8 bushels per acre; and the
practice of combining cultivation, rotation of crops, and the use of
laanuro (qﬁ;) increased the productivity of the soil by 15.4 bushels

8.9 —-33.5).

The difference between the yields of 48.9 bushels (cl{r) and 19.0
bushels (c) simply gives a measure of the difference in the producin
gowcr of the soil as effected by the two different practices indieated.

n the other hand, the difference between the yield of 48.9 bushels
(¢fr) and 33.5 bushels (maintenance yield) measures the effects of the
conjoint action of cultivation, rotation, and fertilization in increasing
soil fertility. Likewise, the true measure of the value of manure in
increasing productivity during the period of the experiment is not
the difference between the yields of 33.8 bushels (cf) and 19.0 bushels
{¢), but the difference between 33.8 bushels (¢f) and 33.5 bushels
(maintenance yicld). Thesame argument holds in case of rotation.

In this particular experiment, it is to be noted that both rotation
(r) and manure (f) maintained soil productivity. Since the yield to

60635—20+——2
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be maintained is 33.5 bushels, the full effectiveness of rotation alone,
in its relation to fertility maintenanee, may be expressed as 117.3
per eent; and that of manure alone, 100.9 per eent.  Thus the rela-
tive value of rotation, as eompared with manure, in maintaining
produetivxt:{ may be expressed as 116.2 per eent.

As regards increasing soil productivity, when the use of manure is
combined with cultivation the inercase 1n yield, resulting from these
combined praetiees, is only 0.3 bushel (33.8—33.5). en rotation
is eombined with eultivation the increase is 5.8 bushels. DBut when
rotation and the use of manure are conjoined, the increase in yield is
15.4 bushels, which is nearly 152.5 per eent greater than the sum of
the inereases resulting from rotation and fertilization when praeticed
independently of eaeh other.

The long-time experiments ineluded in this study have to do with
six major crops, and the average yields at the beginning of the experi-
ments vary from rather low to medium—yields whieh are accePted
as indieating the fertility of soils that have gone through the “vir-
gin’’ period of cropping, and which make }iossible a study of the
values of crop rotation and the use of fertilizers in increasing soil
produetivity.

’

EFFECTS OF CROP ROTATION AND THE USE OF FERTILIZERS ON
CROP YIELDS

ROTHAMSTED EXPERIMENTS WITH WHEAT AND BARLEY

The more systematic fertility experiments at Rothamsted were
begun in 1843; those with wheat grown in continuous eulture were
begun on the Broadbalk field in 1843, and those with barley in eon-
tinuous culture, on the Hoos field in 1852. The rotation experi-
ments were begun on the Agdell field in 1848—the rotation consist-
ing of rutabagas (Swedish turnips), barley, elover (or beans) or fal-
low, and wheat (4, pp. 81, 70,.190). In this study only the four-
crop rotation has been considered: Rutabagas, barley, legumes, and
wheat, grown in the order named. From the above dates it is to be
observed that comparable wheat yields begin with the year 1851,
and those of barley with 1853. Sinee the rotation plots are not
repeated, wheat and barley are grown every fourth ?'ear on the Agdell
field; on the Broadbalk and Hoos fields, respectively, they are grown
every year. On the rotation plots rutabagas reeeive all the ferti-
lizer; on the continuous-eulture plots, wheat and barley are ferti-
lized annually. )

Having determined the values of crop rotation and of fertilizers
in increasing soil produectivity, these values, although ealculated
ffom the comparatively low maintenanee yields of the long-con-
tinued experiments, should serve just as well in emphasizing the
values of rotation and of fertilizers in fertility maintenance under
conditions of higher produetivity.

One more word in reference to rotation and fertilizers in fertility
maintenanee: Just how long an experiment should run to determine
the true values of rotation and the use of fertilizers in maintainin

roduetivity is diffieult to state; probably 30 or 40 years would suf-
ce. More carefully planned experiments seem necessary and advis-
able, to enable the gathering of more faets on a problem which is so
intimately assoeiated with the Nation’s food-production problem.
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Such a study of crop rotation and the use of fertilizers from the
points of view of maintaining and increasing soil fertility gives added
value to all long-time experiinents involving continuous-culture plots.

To return to the first question pro osed, coneerning the eompar-
ative effeets of rotation and the use of fertilizer on erop yiolds:

The soil of the tliree named Rothamsted fields eonsists of * ‘rather
a heavy loam resting upon ehalk.’” * * * Notwithstanding the
irrei;ularlt of the subsoil, the agricultural character of the soil is
fairly uniform all over the estate; some fields work rather more
heavily than others, and the proportion of stones lying on the sur-
face varies somewhat, but these differences are comparatively unim-
portant. The soil(fmsses into the subsoil without any sharp line of dis-
tinetion, and the distribution of flints in the subsoil is very irregular,
;vhilo the solid ehalk is reached at depths varying between 8 and 12
eet,

“In the Rothamsted arable soils * * * there has always been
suflicient earbonate of lime to keep up a noutral eondition and put
out of aetion any acid as fast as it was produced. However, it was
observed later that one of the Rothamsted fields did contain plots
on which the soil had become acid through the application of ammo-
nium salts year after year for a long period; this was the Park grass
field, which is cut for hay every year,” a field not included in this
study (4, pp. 24, 25, 292, 298).

The Rothamsted soil is very old, agriculturally. In 1881 Sir John
Lawes said of it: “At what period my land was first brought into
arable cultivation it is impossible to say, but at Rothamsted I have
records whieh prove that wheat and other corn erops (meaning small
grains) were grown 250 years ago upon these same fields whieh are
now under experiment ; there are, however, no data to show how often
a field was cropped in succession.”” (8, p. 12.)

EXPERIMENTAL DATA :

The data presented in Table 2 show the eomparative effects of
erop rotation and the use of fertilizers on the average yields of wheat
and barley for a period of 72 years on the old arable s0il at Rotham-
sted, when rotation and the use of fertilizer are praeticed independ-
ently of each other. The first wheat yield in rotation on the Agdell
field was obtained in the year 1851, and other yields were obtained
every fourth year up to and ineluding 1919. This gives a record of
18 erops of wheat grown in rotation, the average yield of which is
compared with the average vields obtained in the same years on nine
different plots on the Broadbalk field where wheat is grown in eon-
tinuous eulture. Each of the latter averages, therefore, represents
18 yields obtained during the same years that wheat has been grown
on the rotation plots.

Sinee the experiments with barley in continuous eulture were not
begun until 1852, the first ecomparable yields of this erop were ob-
tained in 1853, the seeond year of barley in rotation. Comparisons
in average yields of barley are made in a similar manner as in case of
the wheat. Thus each of the average yields of barley on the Hoos
field represents 18 erops whieh were grown during the same years in
which garloy has been grown in rotation.
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In the last two columns are given the increases in yields of both
wheat and barley over the respective check plots in continuous
culture. These gains express the absolute values of crop rotation
and the use of fertilizers in effecting differences in yields on these
particular plots.

TasLe 2.—~Comparative effects of crop rolation and the use of fertilizers on the yields
of wheat and barley al Rothamsted (16)

[Crop rotation and the use of fortilizer acting apart irom each other]

—_— - — . —————— -

' ctisor iren | hasd o | Taarense | 13cEense
y Soll treatment (lertilizers given in ) v ue to
Field and piot No. | Crop p(rmnds per(acre annualiy) yacre Fl% tgtu:tlt:u fertiliz.
} | cropa) ! I ers
Bushels | Bushels | Bushels
Agdg)ii,rotatlon field [ Wheat..| Check piot, no fertllizer—rotation only..! 24.05| 31172 |..........
6-0.
Broadhlﬁlk. continu. | H
ons culture:
3_?_,_._....__._. ..-fdoo_ .. Check plot, no fertilizer........ccauee . 10800} ot el un. LA
do 40%poun;ibs‘;ammonlum salts 1 (8¢ pounds | 1T S — 7.02
, or ! !
400 pounds ammonium salts, 392 pounds by I 1029
superphosphate (2N, P).
792 pounds minerals,! nonitrogen (P, K).| 1800 i....... A1 2.67
Minerals and 200 pounds ammoninm b & {1 i 11.25
saits (N, P, K).
Minerals and 400 pounds ammoninm 32.904. ... 19.87
saits (2N, P, K).
Ryl gyl veeotlee.@o....| Minerals and 600 pounds ammonium L LR T BTN | 24.35
E saits (3N, P, K). P
do Minerals and 50 pounds nitrate of soda 3201 |l....lll.. 19.68
(2N, P, K).
i vgoe .. 14 tons farm mMANAre. .. .cccacecacccacaas L b el nn
Barley..) Check plot, no jertilizer—rotation eniy.. 21.81 M1 ploaiasst

Wl _awt Tl Check plot, no fertilizer.................
Laedez ). 200 pounds ammmonium salts (43 pounds

¥

275 pounds nitrate of soda (43 Bonnds N).

302 pounds superphosphate (P).........

200 pounds ammonium salts, 392 pounds

| superphosphate (N, P).

B (o UL | 275 pounds nitrate of soda, 392 pounds
{ superphosphate (N, P).

-.do.._..| 792 pounds minerais, no nitrogen (P, K)..

...do..,..; Minerals and 200 pounds smmonium

| _ salts (N, P, K).
ASAA .2 e ] s dp .. M(iuanll,is ?{nd 275 pounds nitrata of soda 0 20. 43
T d ST greslindela g tons farm Mmannre. ... .. ....eeeeo.. 4 H e, 3.8

e aaa

— e

lt’I;To 18 crops of wheat or hariey in continuous cuiture correspond to the 18 wheat or harley years in
rotation.

t Winchester or American busheis. One imperial or English hushel equals 1.082 A meriean husheis.
? Difference in yieid hetween check plots in rotation and In continuous culture,
¢ 1n each case ammonium salts include equal parts of sulphate and chioride.

? 1n each case minerais inciude 392 pounds of superphosphate, 200 pounds of suiphate ol potash, 100
pounds sedium sulphate, and 100 pounds of magnesium suiphate .

In case of the wheat, it is to be observed that rotation effected a
larger increase in yields than the following annual applications of
chemical fertilizers in continuous culture: 400 pounds olp ammonium
salts; 792 pounds of a mixture of ammonium salts and superphos-
phate; 792 pounds of mineral salts containing both phosphate and
potash; and a mixture of chemicals containing, in addition to sodium
and magnesium sulphates, 200 pounds of ammonium salts, 392 pounds
of superphosphate, and 200 pounds of sulphate of potash. The effec-
tiveness of the fertilizer applications made on plots numbered 7, 8, 9,
and 2, (Broadbalk field) is, in each case, greater than that of rotation.
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This greater effect, however, has little or no meaning from the point
of view of practical farming, since these fertilizer applications are so
at variance with modern fertilizer practices. Even an annual acre
application similar to that made on plot 6 may be regarded as oxces-
sive; if not excessive, certainly uneconomical.

The value of rotation in maintaining the barley yields is greater
than that of 392 pounds of superphosphate, in continuous culture, or of
a mixture of chemicals containing 392 pounds of superphosphate and
200 pounds of sulphate of potash. In comparing plots 4-A, Hoos ficld,
and No. 6, Broadbalk ficld, it appears that this particular fertilizer
treatment is much more effective on barley than on wheat.

Of the different fertilizer treatments indicated in Table 2, onl
two can be considered in further study: No. 6 on the Bron(lban
field and 4-A on the Hoos field, since tﬁe treatments on these plots
come nearest to being comparable with those on the fertilized plot

-C, Agdell field. :

ROTATION AND TNE USE OF FERTILIZERS CONJOINED

In order to comllmrc the cffects of rotation and the use of fertilizer
when practiced independently of each other with their effects when
these practices are conjoined, it is necessary that the same kind and
quantity of fertilizer be used per acro on a crop in rotation as when it
is grown in continuous culture. On the rotation plots on the Agdell
ﬁch, plot No. 2 in series C receives the same kind of fertilizer salts
as plots No. 6 on the Broadbalk field and 4-A on the Hoos field. The

uantity applied per acre in each case, however, is not the same for
the rotation period.” Nevertheless, these are the bhest comparisons
possible on the Rothamsted fields.

In Table 3 are shown the kinds and quantities of fertilizer materials
that are applied on the three plots under consideration.

TaBLE 3.——Pertilizers applied on three plots at Rothamsted

| r Pounds of fertilizer salts appiied per acre Total
e acre
Fleld and plot No. | Crop . T [ St
ok | Ammon- | Super- |Sulphate| go4 00 | Mague- | rotation
{ fam 1 phos- of | iphate | sium |- period
salts phate ' potash { sulphate | (pounds)
Agdell 2-C..._......... 1 200 | w3 |
| SN Ml e e gy Pty B
UoAn A .| 5.cs.....) Bailegh. ... a0 2007 |- 32| w060 3 908
Broadbalk 6. ........... 200 392 3,008

——— e e —a. e ——,

! Equal parts of ammonium sulphate and ammonium ehloride.
! Continuous euiture, fertilizers appiied ennually,

It is to be observed that nearly three times as much fertilizer is
used per acre on the plots in continuous culture per rotation period
88 on the plot in rotation. Furthermore, on t?le Agdell field no
direct application of fertilizer is made to cither wheat or barley in
the rotation. Barley thus receives the residual cffects of the ferti-
lizer one year after its application in the rotation, and wheat receives
these effects thiee years after. These points must be kept in mind
when the following results are considered.
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In Table 4 are presented the yields of wheat on the Broadbalk
and Agdell fields for each year that wheat has been grown in rotation
on the latter field. In Table & are given similar data for barley.
These results are here given in detail so as to form the basis for fur-

ther study.
TABLE 4.—Yields of wheat grown in continuous culiure and in rowalion, Rothamsted
(Ylelds In Winchester or American bushels)

i e e o s

Ylelds per acre on the Yeldd per-aére vr the A
= £
e 1 S dell Beld, rotation
Years oy 1 ol 5 oo} sl snags i Thils auellt 51 1
Unfertilized | Fertilized | Unfertilized Fertillzed
plot 3 plot 6 plot 6-0O plot 2-C
Bushels Bushels Duashels Bushdls

16.38 82 9. 41 2. 80

17.54 28.90 3638 38, 87

18.96 30.81 36.38 41.02

17.80 40.%0 35.23 47.60

15 18.23 21 87 24. 51

9.68 | 1.4 3129 24.76

8.90 | 16,80 233 32.90

4.90 ! 10.84 10.71 } 13.42
.32 2881 30,33 | 4687

15.35 24.00 26. 45 43.60

1419 26.96 30. 44 45.80

10.33 21.80 23. 99 40.25

12.38 10.35 | 31.22 44.25

7.81 | 18,37 19.74 20.16

9.39 | 2.67 22 08 30.24

12.90 | 17.78 25,28 | .2

12.49 27.55 8. 50 10. 84

9. wt 20.12 351 L7

12.33 ; 23,58 24.05 240

I

TasLE 5.—Yields of barley grown in continuous culture and tn rotation, Rothamasted
; [Ylelds In Winchester or Amerlcan bushels}

Ylelds per acre on the
Yields per acre on the Ag-
gmmneld, continuous delﬁmd, totation
Years L=
13
Unfertilized | Fertllized | Unfertilized | Fertilized
plot 1-0 plot 4-A plot 6-0 plot 2-C
o I
Bushels Bushels Bushels Bushels
26, 87 39.47 35.48 89. 47
26, 96 59.22 80.05 49. 54
18,77 56. 38 39.86 62 87
18, 58 : 47.99 40. 25 49.02
15.74 80. 83 25.41 44.25
14.45 48.38 24,25 | an
17.67 | 52.13 24.25 | 33.86
18. 45 43.08 37.61 36. 51
9. 56 33.02 12. 81 35.86
11.61 38. 80 a5 27.48
8.41 3. 73 17. 43 20. 90
5.20 31.48 | 11 87 3122
5.20 258,54 | 23.99 27.09
5. 71 36, 64 7.563 $2.41
13.43 45.72 10.32 .47
21.78 | 65. 64 25,39 33. 54
8.15 17.78 1 258 15.48
7.84 L7 2.48 26,53
14.06 41.80 i 21.81 35. 27

_The results of a study of the averages of these wheat and barley
yields obtained at Rothamsted are suinmarized in Tables 6 and 7.
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TaBLE 6.—Effects of crop -rotau'on and the use of fertilizers on the yields of wheat
and barley at Rothamsted

[Rotation and fertilization practiced separately]

| Relative
value of
Increase | crop rota-

1~ Average | over check itlonascoms
Crop and cultural conditlons yield per | plotincon- 'pared with
l acre “tnnous |fertillzer in
culture {¢) | effecting
larger
1 | ylelds?
‘Wheat: | askeln Diuakals Fer oent
Rotation without fertiflzation (r) 3, .. ... ..... TIEELUETT 20,04 .73 | Lod.
4 iUs«olt»ruur.orwmmut rotatlon () ). A e ¢ il g e S
arfey. | |
Rotation witbont fertlIeation (7). - eeveesomeesoioreiimiaryarrs] .61 1, 76 .8
Use of fertilizer without rotation (f)_........._. . st el ] 41, 50 el .

! Relative valne of rotation obtalned by dividing the Increase from rotation (r) by the increase from the
use of fertitizer ().

) Smell 7 Indicates the eflect of rotation when practiced indepéndently of fertillzation.
? 8mall f indleates the eflect of fertillzation when practloed In the absence of rotation.

It is to bo observed that, in case of wheat, crop rotation without
fertilization is 104.2 per cont as officiont as the use of chemical fer-
tilizer without rotation in effecting increases over the check plot in
continuous culture; whereas in case of barley, rotation is on y 27.8
per cent as effective as the chemical fertilizer.

In Table 7 arc shown the conjoint effects of crop rotation and the
use of fertilizer. Under the caption heading of the fourth column
are given the values of rotation (£) and the use of fertilizer (F7).
Capital R represents the average increase in crop yicld that was
effected by adding Fotation to cultivation and the use of fortilizer,
as derived from the formula ¢fr — ¢f; and capital F represents the
avernge increase that resulted when to cultivation and rotation was
conjoined the use of fertilizer, as derived from the formula cfr — cr.

In the fifth column are given the relative values for R, as obtained
in cach case by dividing the absolute value for 2 by the abgolute
value for F. .

In the last two subcolumns are compared the sum of the increases
effected by rotation and fertilization when practiced independently
of each ot[\;er and the actual incroase offected when the two practices
are combined. .

TABLE 7.—Relative values of rotation and additive effects of rotation and the use of
fertilizers when the two practices are combined d

{Rotbamsted, results of 72 yesrs]

| kddltlvo offects of
i v:a!ggu ’ql' R rotation and fer-
| { tilization

| i —

Sum of "
1 Actual

Average | ! Relative 'gcm Increase
Crop Culturnl conditions yiel v‘slltzu; by rota- ggcg;od
r scre ' : n-

l pe 2R | ‘ | tion and A

fertilize-
tion « hen fotation

| practiced L Foud
v separa
|50t | tlon
onf ey .
Bushels | Bushels | Bushels | Per cent | Bushels | Bushels
Wheat......| Rotation and use of fertilizer.| 32 49 A 01| 844 105.8 22 07 20.16
Barley......|..... [ POF Sy P S . 35.27 —6.62 | 13. 46 ~49.2 35.88 2.2

o

! Capltal R Indicates Incrense effocted by edding rotatlon to fertillzation, Cepital M indicates Inctense
eflected hy adding fertllizatlon to rotation,
! Relatlve value of R as R:F, or R+ F,
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It is to be observed that the increase (R) effected in the yield of
wheat by adding rotation to the use of fertilizer is about equal to
tho increase (F) effected when the use of chemical fertilizer is com-
bined with the practice of rotation. This is indicated by the rela-
tive value of 105.6 per cent for B. In case of barloy, R has an abso-
lute negative value of —6.62 bushcls, or a negative relative value of’
—49.2 per cent. These negative values for B may be explained,
at least in part, by the fact that the fertilizer treatments given to
barley in rotation and continuous culture are not exactly compara-
ble, since no fertilizer is applied directly to the barley crop in rota-
tion, whereas in continuous culture a liberal direct application is.
made annually. (See Table 3.)

Combining the rotation and fertilization practices effected a total
increase over the check plot in continuous culture, of 20.16 bushels
of wheat, which increase 1s greater than the gain rcsulting from cither
rotation or the uso of fertilizer alone. This fact defines and illus-
trates the meaning of the expression ““additive effects of rotation and
the use of fertilizers’ as it 1s used in this bulletin. This definition
is in harmony with the meaning “tending to increase.” That is to
say, the yield of wheat, for example, is increased when to rotation is
ad};iod the use of fertilizers, or when to the use of fertilizers is con-
joined rotation.:

Three possibilities may result from conjoining the practices of
rotation and of fertilization: The total increaso resulting may be-
equal to, less than, or greater than the sum of the increases effected
by rotation and fertilization when practiced independently of each
other. In describing these additive effccts the following expressions
are used: “Fully additive,” “less than fully additive,” and ‘“more-
than fully additive,”’ respectively. The data in Table 7 show that,
on wheat, the effccts produced in conjoining rotation and the use of
chemical fertilizer are somewhat less than fully additive; while in
case of barley, the combined effects are not additive, reflecting, no
doubt, the differcnce in fertilizer treatments and the different habits
of the barley plant as comparcd with wheat.

In discussing the yields of barley ‘grown in continuous culture,.
Lawes and Gilbert stated that results, as compared with wheat,
were dependent on the differences in the habits of the two plants.
Wheat, because of its greater root system, gains possession of a much
greater range of soil, especially in d};pth, tﬁan barlcy; barley, on the-
other hand, is a surface fceder and hence relies in a much greater
degree on the nutricnts within the soil ncar the surface. Accord-
ingly, berley is found to be more bencfited by direct applications of
fertl,l(l)lg)ers than is wheat when sown under equal soil conditions (9,.
P. x

DIAGRAMMATIC S8UMMARY OF ROTHAMBTED RESULTS

Figure 2 represents in diagrammatic form the average wheat and
barlcy yields that have been obtained on the four Rothamsted plots
herein considered, summarizing the following points: The portion
of each yield (in bushcls) that is credited to cultivation alone (c),
that is, the yicld obtained in continuous culture without fertilizers;
the increase effected by combining rotation or the use of chemical
fertilizer with cultivation; and the total increase effected, over culti-
vation alone, by conjoining rotation and the use of fertilizer.
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The third bar in each of the series of results shown in the chart
is the most interesting. " The total gain above the cheek plot in
eontinuous culture, as indieated in each series, is the actual increase
offected when to cultivation are added the conjoint effects of rota-
tion and fertilization. Here no assumptions are involved.

When to rotation is added the praetiee of fertilization, the actual
increase obtained in the yield of wheat is 8.44 bushels. This in-
crease, which may be indicated by capital F, is shown by the di-
agonal hachure at the top portion
of the bar. On the other hand,
when to fertilization is added rota-
tion, the inerease effected is 8.91
bushels, which inercase may be
indicated by capital R, and is shown
by the diagonal hachure below the
figure, 20.16, indicating the total

gain. The unhachured portion of E
§
¥

the bar represents 2.81 bushels,
being a part of the total gain; but
there is no way to determine just
how much of this undivided gain
should be eredited to rotation and
to the use of fertilizers. This un-
divided inecrease measures the in-
teractive effects of rotation and
the use of fertilizers when these two
practices are conjoined.  These
effects may be interpreted in three

ways: (1) When, under the eondi- * K 1\ g i g 4yt 1}
tions of these fertility experiments 5% Mg Al o/ 2l
on wheat, rotation of erops and the EXNswv avie ro cone eomemew
use of fertilization are conjoined, EQ A TD o
the effectiveness of rotation, as n s L) &
R gy A g s e i
iced in the absence of fertilizers, is '

reduced and the efficiency of t’he 3‘.1’1?,n“i’no‘;‘e‘.":‘%'é’fJ&?&.&%ﬁ‘:‘%&?&ﬁ‘éﬁé‘r’&;
{:rtilger rer;mfins the :uzpc as wh(c;; E’:‘)"’:"‘}%?'J:’r&,t‘:“d ‘t:ﬁf{dﬁ{“ﬁ,’,?é,ﬁﬁg%&ﬁ
1t ae apar rom rotation: or vation when rotation an: 9 of fer-
the eﬁ'ec{) of crop rotation remains ﬂgﬁe&aﬁiﬁ?n . piot 6 on the Drosdbalk
the same and the effectiveness of © 19%, Heat i i oned gad o 2%
the use of fertilizers is diminished;

or (3) it may mean that the efficiency of both rotation and the use
of fertilizers is diminished in the same or in different.degrees.

The unalloeated value as shown by the unhachured portion also
shows the difference (2.81 bushels) between the sum of the inercases
effected by rotation and the use of fertilizers when acting indepen-
dently of each other and the actuil inerease obtained as a result of
their combined effects, but just how much should be subtracted from
the separate gains effected by rotation and the use. of fertilizers c¢an
not be determined. L85 Ly

In case of barley, R has a negative value of —6.62 bushels, due

robably to the fertilizer treatments not being' exactly comparable.
ether or not rotation would have effected any increase at all if

60635—26t——3

A\

AE0 B ADE AEO NFA AXC
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conjoined with fertilization under more comparable conditions
remains a question. Nevertheless, the division of the third bar
in the barley series illustrates the actual results obtained under
the conditions of the experiment: Cultivation alone ﬁ;ave an
average yield of 14.06 bushels; combining rotation with cultivation
effected an increase of 7.75 bushels; and combining fertilization with
cultivation and rotation resulted in an additional increase of 13.46
bushels. This seems to be the more reasonable and practical inter-
pretation of these results, especially since the conjoint action of rota-
tion and fertilization effecting the total increase of 21.21 bushels
over cultivation alone involves the fertilizer treatment made in rota-
tion on the Agdell field and not the annual application made in
continuous culture on the Hoos field.

COLUMBIA EXPERIMENTS WITH WHEAT, CORN, AND OATS

The long—continued experiments at Columbia, Mo., were begun
in 1888 (11). Comparable yields suitable for this study begin with
the year 1889 for wheat, 1890 for corn, 1891 for oats and 1896 for
timothy. These experiments now include 39 one-fourteenth-acre
plots, of which the following are herein considered: a

Six-year rotation, corn, oats, wheat, clover, timothy, and timothy:

Plot 13, unfertilized.

Plot 3, fertilized with chemical fertilizers.

Plots 11, 12, 14, 19 and 20, fertilized with farm manure.
Fourisyear rotation, corn, oats, wheat and clover:

lot 39, unfertilized.

Plots 34, 35, 37 and 38, fertilized with farm manure.
Three-year rotatlon, corn, wheat and clover:

Plot 27, unfertllized.

Plot 28, fertilized with farm manure.
Two-year rotation, wheat and clover.

lot 33, unfertilized.

Plots 31 and 32, fertillzed with farm manure. .
Corn in continuous culture.

Plot 17, unfertllized.

Plot 18, fertilized with farm manure.
Qats in continuous culture:

Plot 16, unfertlllzed.

Plot 15, fertilized with farm manure.
Wheat in continuous culture:

Plot 9, unfertlllzed.

Plot 2, fertilized with chemical fertilizer.

Plots 5, 10, 21, 24, 30 and 36, fertllized with farm manure.
Timothy in continuous culture:

Plot 23, unfertilized.

Plot 22, fertllized with farm manure.

As in case of the Rothamsted experiments, no provision has been
made for a replication of the plots representing the different rotations.
For this reason, unfortunately, the effectiveness of the four rotations
can not be compared, since, for example, the average yield of corn
In one rotation represents & different combination of seasonal effects
than the average yield in another rotation. However, in all the
systems of cropping the effect of rotation on crop yields may be com-
pared with the effectiveness of the use of farm manure, and, in case

of wheat in the 6-year rotation, with the use of a complete chemical
fertilizer. ‘
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The s0il on which the Missouri experiments are conducted is des-
ignated as Putnam silt loam. 1t is described as a dark brownish
ray soil “9 to 12 inches deep, grading into a grayish subsurface
ayer 4 to 6 inches thick.” Below this tliere is another gradation
into a brown, heavy clay loam, rather impervious in character. At
depths from 13 to 18 inches the soil is a yellowish-gray, silty clay
loam, more friable than the layer above it. “ The surface drainage
is generally good. * * * e soil of the fieldis * * * fairly
uniform in fertility.”” As a rule, Putnam silt loam is in need of lime
(10, p. ). 'The Missouri ex({)erimcntal results herein presented have
been obtained on an unlimed soil.

EXPERIMENTAL DATA

Since, in these particular experiments, the different fertilizer treat-
ments in continuous culture are the same as those in rotation, it
seemed best, at the outset, to present in detail all the data on which
this study of the Missouri experifents is based. The data are given
in several tables, each table containing comparable yields of a partic-
ular crop grown both in rotation and in continuous culture. In
Table 8, for example, are given the yields of corn obtained on the
unfertilized and manured plots for each year that it lias been grown
in the 6-year rotation, up to, and including, 1916. In the other
portion of the same table are given the yields on similarly treated
plots in continuous culture for each year that corn has been grown
n the rotation.

BIX-YEAR ROTATION AND CONTINUOUS CULTURE

TABLE 8.—Comparable yields of corn in the B8-year rolation and in continuous
cullure, Missouri

[Yields in bushels per acre)

-

1 -
6-year rotation (mh:m‘;;m‘- clover, timothy, IConuuuom culture
|

Farm manure ! I

Year

Nofer- | Farm
tilizer, | manure,!
plot 1} plot 18

Nl e s T T
|9'°‘ B | piotu

Plot 20

Plot 14

o
—
7

3 3-3:4 5
PP

L E-F Yr o

B|2cSBRR
PEERE

S
- g

2 Thla mean application of manure in all cases is 6.8 tons per acre annually, In both rotation and continu-
ous cultnre,
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TasLe 9.—Comparable yields of oats in the 6-year rolation and in conlinuous

culture, Missour:

[Ylelds In bushels per acre}

Yeoar

S-year averago.

6-year rotation (corn, oats, wheal, clover, timolhy, llmothy) C%!tlxll‘tnulrl:us
Farm manure

Ntlol for- - l;il‘)l for- | F;:f‘

tillzer, | Average 2eh | pnure,

plol 13} pig11s | Plo112 | Plot 14 | Plo1 19 | Plol 20 | or sum- | Po1 18 | pigt 15

mary y

27.8 17.8 ' 30. 6
367 13. 4 27.3
2.0 7.3 10.1
2.1 50| 261
60. 56 53.7 65. 1
.6 1.5 n.6

TasLE 10.—Comparable yields

culture, Missour:

{Yieids in bushels per acre}

of wheat in the G-year rolation and in conlinuous

6-year rotalion (corn, oals, wheat,
ciover, timolhy, timolhy)

Conlinuous euiture

% % Farm manure % %« Farm manure
Year . |82 $ &g
L | TEAA 5
- © s
T |S%)z|n |z s|B8( |25k
s (2313|533 |3(830s (2|25 |3 |8 38/|3|28%
7z IO IE|2|&|& <3iz 0 I~ o S R I i B
i
6. 20.6] 8.1/ 150/ 11.8] 17.0! 20.9! 23. 0] 18.0
33, 39.3] 34.3| 40.7) 43.3 39.2 41.3| 33.0{ 38.8
39. 28,7} 23.3] 25.2| 24.1] 23.6, 28 5 27.2] 25.3
10. 27.9) 17.1] 10.8] 24.1 22,1} 11. 4] 24.8{ 18.8
14. 7.7) 12,6 12. 5/ 12. 1} 10.7 12.0{ 10.0} 11.7
16.8 Bz ik 30.3.....}eee-- :‘. ........ 30.3
6-yearaverage. 20.1} 30.0{..... ligrsiadl) i o ] e 30.9[ msl M.4]_.... PO SO EE e i ..... 3.4

1 The annnal appiication of compiete chemical ferlilizer for wheal on plots 2 and 3 are lhe same. (See

Table 22.)

TaBLE 11.—Comparable yields of timothy in the 6-year rolation and in continuous

culture, Missouri

[Ylelds in pounds per acre}

6-year rolalion (corn, oats, wheal, clover, 1imolhy, timothy)

Continuous culture

Farm manure
Year No fer- No for- | Farm
tilizer, lilizer, | manure,
plol 13 Average | plo123 | piol 22
3 Plot 11 | Piot12 | Piol19 | Plot 20 | or sum-
mary

1,700 3,120 4,600 |._...... 5,040 4,283 2, 200 8,790
6,860 4,760 7,600
900 5,000 2,480 5, 840
6, 700 2,400 6,100
2,167 4,500 8,700
7,408 3,850 7,812
8,320 2,148 6, 032
766 546 889
6,818 3,276 6, 888
O-year average.. P70 SR SR R (ST e S 5,379 2,804 8, 850
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FOUR-YEAR ROTATION AND CONTINUOUS CULTURE

TaBLE 12.—Comparable yields of corn in the 4-year rolation and in conlinuous
o culture, Missouri

[Ylelds tn bushels per acre]

4-year rotation (corn, oats, wheat, clover) Continuous culture

Farm manure

Year No fer- : Nofer- | Farm
tillzer, tillzer, | manure,
plot 39 Average | plot 17 | plot18

Plot34 | Plot35 | Plot37 | Plot 38 | or sum-
mary
353 41.1 60.7
H.3 17.1 30.3
2.2 2.9 256
5.0 38.0 70.4
2.9 13.2 251
49.6 38.0 45.7
G-year average.. 38.8 Re 4.5

TaBLE 13.—Comparable yields of oals in the 4-year rolalion and in conlinuous
culture, Missouri :

[Ylelds In hushels per acre) 4
) 4-year rotation (corn, oats, wheat, clover) Continuous culture
Farm manure
Year r&ﬁ for- | LI No fer- | Farm
. o:.;(') Average | tillzer, | manare,
p Plot 34 I Plot 35 | Plot37 | Plot38 | orsum- | plot16.| plot 13
- mary
216
3Le
2.3
..... X B
30.3
3.6
6-year average.. 2.9

TaBLE 14.—Comparable yields of wheat in the 4-year rolation and in conlinuous
culture, Missour:

[Ylelds 1n hushels per ncre) 3
4-year rotatlon (corn, oats, wheat, Contlauoans culture
clover)
§ Farm manure g ! Farm maatre
Year i - B | -
3 -~ ~ I s
i 1 B
=] ® =
§F 2|3 8|8 g8l ~/2 |8 |8 |88 fg
s |22 |8 |3[28|s |28/ |2|3|z3|[§s8
Zo| e} BB | B | -2 - -V - R - o
L7 o N 2.8 |...... 2.9 8.2 81(1560)11.8}17.0]120.9! 23.0} 16.0
1863 .0 . i T AL g Soor AR _re=lipm e 4L0] 4.0
5 373 1.7 /138 61| 84| 82| 14.8]|14.7}11.0
< 37.2115.6 1 23.3 1 25.2 1 4.1 | 3.6 28.5 | 7.2 2.3
= YR 124 15,4 { 15.8 | 15,6 20.7 |._.... 17.7
...... 15.7 weeeof 1621 1L7113.8110.4 | 21.9] 14.6
126.5] 88159169174 |17.3[225120.9| 18.8
4] 02 ... )N S g [ e 10.9
........................ Pt B el | P ¢ e i g i e e 8 ]
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THREE-YEAR ROTATION AND CONTINUOUS CULTURE

TABLE 15.—Comparable yields of corn and wheat in the S-year rotation and in
continuous culture, Missouri

[Ylelds In bushels per acre)
| Corn ! Wheat
3-year rotation | Continuous 3-year rotation | Continnous
(corn, wheat, culture (corn, wheat, culture
clover) clover) |
Year o Year = =
' Farm
| No fer- ! Farm | Nofer-| Farm Nofer-| Farm | Nofer-| ma-
| tillzer, | ma- | tillzer, | ma- | tilizer, | ma- | tilizer, | nure,
plot 27 | nure, | plot 17 | nure, plot 37 | nure, ‘ plot 9 | aver-
plot 28 plot 18 plot 28 age of
! ! 6 plots?
24| 458 4L1| [t Ho| 184] 83| 180
24.3| 3¢.6| 249! 340 | 1892_] 92| 23| &3] 193
34.9 51.4 210 46.4 | 1805___ .5 42.3 2.0 { 38.6
25.5 37.9 10. 4 319 i 1808... 8.0 187 27 6.0
65.3 88.6 38.0 79.4 | 1901, 2.3 Hns 15.0[ 25.3
sa.70l 736 Sois el gt SN T B Y e e
47.2 65.9 1.7 33.4 ' 1 69 20.2 7.1 l 19.1
16.8 32.7 L9 65  1911_.. 1.5 33.6 8.0 ‘ 19.1
13.9 4.7 7.0 1928 194, ... oo i =I5 S ﬁ).li 26.4
! 19,6 }-.-ciao. 7.4 : 14.6 I‘y 1917, | 13.8 02 | 10.9
Average..... 326| 5L0|. 184 30.0 i Avenge....l 4| :m3| o7 ‘ 20.1
I |

! Average of plots 5, 10, 31, 24, 30, and 36, contlnuous culture.

TWO-YEAR ROTATION AND CONTINUOUS CULTURE

TABLE 18.—Comparable yields of wheat in the 2-year rolation and in continuous
: culture, Missouri

[Ylelds in bushels per acre)

2-year rotatlon
wheat and Contlnnous culture
clover) -

Year Farm menure

No fer- F!:g'_n No fer- 7 - | l

tilizer, e tillzer, Aver-

Plot 33 | Dot 31| P19t | piot 5 | Plot 10| Plot 21 Plot 24| Plot30 | Plot 36| j: sdbad

1 | mary
— I e o e e | I S—— o m— -

28.7 21.3 8.2 8.1 18.0 I 1.8 17.0 20.9 2.0 16.0
33.3 3l.4 24.6 7.2 313 30.8 30.6 3.9 27.3 20.9
Crr o L B SOy | b [ e | 4.0 4.0
34.7 43.3 22.0 34.3 40.7 43.3 39.3 4.3 33.0 38.6
128 30.3 57 13.8 6.1 K4 8.2 14.8 14.7 1.0
2.7 14.8 27 13.8 15.8 15.8 120 187 18.2 15.2
30.9 38.2 15.6 23.3 25.2 24.1 8.6 B8 27.3 25,3

............... 1.5 17.3 16.0 6.8 1.5 O 5oz aatd 1.0
10.0 1| S En 12. 4 15. 4 156 15.6 b, i) PO 1.7
12.8 24.2 7.1 17.1 10.8 4.1 23.1 11.4 24.8 18.6
14.3 1) B e— e g 1.7 13.8 10.4 2.9 14.6
18.9 32.6 5.0 10.3 30.6 2.6 18.4 20.3 10.1
25.7 27.8 8.8 18.9 17.4 17.3 2.8 20.9 18.5
.7 25 1 2.0 TE7 8- sabsn hemwiem LR B lpmEs 187
20.7 27.4 0.2 b = LI N S S e 10.9
1&4'1 ateg) gy ¥ 1L LI TR foeeenees i 17.9

Inasmuch as the efficiencies of the four Missouri rotations, as
determined by comparing the average yields of the crops in common,
are not comparable, because of the fact that the average yields of
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the crops of one rotation ropresent difforont seasonat effocts than those
of another, tho effects of rotation and the use of manure on the yiolds
of each crop in the various rotations, as measured in terms of crop
incroases, aro simply averaged. Thus, from the foregoing exper-
mental data thoe average yields of each crop in continuous culture
and in the different rotations are first selectod and arranged in table
form, a table for each crop; then from these yields are calculated the
increases effected by rotation and fertilization; and cach of these
sots of values, in turn, are averaged. Tho general averagos thus
obtained for a given crop express truer absolute values of rotation
and fortilizers, pnrticulnr{y of manure, because such averages include
different combinations of crops and seasonal offects.

Two groups of observations are made: (1) A comparison of the
offccts of crop rotation and fertilization when they are practiced
independently of oach other; and (2) a comparison of the effocts whon
rotation and fertilization are conjoined.

ROTATION AND FPERTILIZATION PRACTICED INDEPENDENTLY

In Tables 17, 18, 19, and 20 are summarized, from the foregoing
tables, thoso average vields of wheat, corn, oats, and timothy from
which are determined tho effects of both rotation and the use of
fertilizers on crop yields when practiced independently of each other.
In the columns to the right of the one containing the average yiolds
aro given the increases in yield (over the check plots in continuous
culture) owing to crop rotation, the use of farm manure, and chemical
fertilizers, respectively. At the bottom of each table are given, in
terms of bushels of increaso, tho average absolute values of crop
rotation and the use of farm manure, and, in case of wheat, an
additional single comparison of absolute values of rotation and the
use of chemical fertilizers.

TABLE 17.—The effects of rotation and of fertilization on the yields of wheat, showing
increases over cullivation alone o

[Rotation and fertDization practiced Independently of each other]

Average

% Average

| Average ‘1“'"“' Increase | lcrease
nerease due to

Plot No. Cultural conditions yield dneto | dueto | (ol of

use of chemical

Peracto | yoration
i manure | rortiiizor

G-year rotation and continnous cuitore:
13 Rotation withont use of chemical ferti-

2
§,10,21, 24,30,33

4-year rotation aud continuous culture: |
Rotation without the use of manure.....

39
8,10,21,24, 30,38
|

b14
8,10, 21, 24,30, 38 Use of manure without rotation. ... ......
o No manuore and no rotation.. ............
' 2-year rotation and continuous culture:
33 Rotation without use of manaore..........
§,10,21,24, 30, 38 Use of manure without rotation..........
° No manure and no rotation.......cccc.-.

Average Increase from rotation and use 1
of r;‘lnure ..... | 10.1 10000
Increase from rotation and use of |
chemical fertillzer. _....._ _........ SUIS R LTS Ll dea snasald 13.9
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TaBLk 18.—Effects of crop rotation and of the use of farm manure on the yields

of corn

[Rotation and the use of manure practiced independentiy of each other)

Average
increase
dne to
rotatlon

Bushels
2

Average
Increase
due to
use of
manure

Bushels

Plot Average
Ng Cultural condlitions yield
) per acre
6-year rotation and continnous culture: Rushels
13 Rotation without use of MADUTLE. ..ceuianmecmcmmaenncacacenenn 41.5
18 Use of manure without rotatlon.......cccececcncccececnaacensn " 2.8
17 No manure and no rotation. . .....ccceecacacecccaccacccnes el 20.3
4-year rotation and continuous cultur
39 Rotation without use of maDUTe. . .ccuericneiineaciancannanan 386
18 Use of manure without rotation 44.5
17 No manpure and no rotation. . . .......ccocececcenciccccnccann 2.6
3-year rotation and continuous cuit
2 Rotation without use of manure. o
18 Use of mannre without rotation. iy
17 No manure and no rotation. . ......... t3 T S L S BeaLl
Average Increase from rotation and use of manure...... —

TABLE 19.—Effects of crop rotation and of the use of farm manure on the yields

of oats

[Rotation and the use of manure practiced independentiy of each other}

Average
Plot Average ﬁl‘;::,‘: increase
No Cultural conditions yield | e to due to
' Per AcTe | Loeation | 03¢ of
| mantire
i
6-year rotation and continuous culture: Bushels | Bushels | Bushels
13 Rotation without use of manure 7. 7. ol @
15 Use of manure without rotation. 14.1
16 No mannre and no rotatfon..... !
4-year rotation and continuous culturi
39 Rotation without uso of manure... e SRS .e
15 Use of manure without rotation .. ..coercececeneeeresececnnnns 9.2
16 No mannre and norotationt DINCEMIEL TITR AR .| Mdl ...t ficceesonee
.......... B % 1.7

| Average Increase from rotation and use of manure...........

TABLE 20.—Effects of crop rotation and of the use of farm manure on the yields

of timothy
{Rotatlon and the use of manure practiced independently of each other)
]
Average
Plot Average ﬁ:m increase
N Cultural conditions ylel due to
b per acre rg?:tlto% nse of
i manure
8-year rotation and continuous culture: Pounds | Pounds | Pounds
13 Rotation without use of MANUre. .. .coeeeeneenoaoonn.. . 2, 446 IR e ot e o
22 Use of manure without rotation... & A 2, 956
3 Né rmaire Ind 0o rotallon. . L T o L T R T Wl == . & REm. ool 5

In Table 21 are summarized the data contained in the four fore-
g}(l)mg tables. Timothy is not included, since results seem to show
that this crop is not benefited by rotation under conditions of these

experiments.
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TaBLE 21.—Effects of crop rotation and of the use of fertilizers on the yields of wheat,
; corn, and oats at Columbia, Mo.

[Rotation and fertilization practiced separately]

Relative

‘l‘nvc'““ value of
over °{'°p il

| Avorage | check 0%}, A8
Crop Cultura conditions 1 yielmK plotin | ‘”d

| por acre | continu. | ;e

J ; ous )

culture }“ °ﬂ°°t'
ng larger

I @ yields

: Bushels | Bushels | Per cent
Wheat...! Crop rotation without useof mannre (r), .. ,.................. 10.1 [ 10,0 100.0
Use of manure without rotation (f) ... .ccocooeoeennen. ¥ | 10.1 1850, | oL s
Crop rotation without use of chemical (ertilizer (r).. ... g 20.1 7.6 5.7
Use of ohemieal lortilizer without rotation (f)....c.cccnvuvennne I 20.4 139 leeeceoaast
Corn. ....| Crop rotation without use of manure (r).. ’ 37.5 15.1 1027
Use of manure without rotation (f)..... 37.1 {70 T
Qsts_. _..! Crop rotation without use of manure (r 2.6 62 83.0
Use of manure without rotation (f)..... KC | (P ) S T

These average results show that, under the conditions of the Mis-
souri experiments, crop rotation without the use of manure is as
effective in increasing the yields of wheat and corn, over the check
plots in continuous culture, as a mean annual application of 6.8
tons of manure without rotation. In case of.oats, rotation proved
to be slightly more than half as efficient as the use of manure.

The 6-year rotation of corn, oats, wheat, clover, timothy, and
timothy practiced without the use of any fertilizer, is 54.7 per cent
as efficient in increasing the average yield of wheat over cultivation
alone as an annual application of a chemical mixture.consistin%
of 495 pounds of sodium nitrate, 209 pounds of acid phosphate anc
111 pounds of muriate of potash. (See Table 22.)

ROTATION AND THE USE OF FERTILIZERS CONJOINED

Since, in the Missouri experimnents, the same quantities of manure
have been applied per acre annually on all the plots herein considered
(mean application of 6.8 tons per acre), the results in Tables-17, 18,
19, and 20, showing the separate effects of rotation and the use of
fertilizers, are comparable with the results showing the combined
effect of these two practices. As regards the use of chemical fer-
tilizers on wheat, the quantity that has been applied per acre.in con-
tinuous culture for the 6-year period is 553 pounds less than the total
gusrtlr‘ltli)tly applied to the crops in the 6-year rotation. This is shown
in Table 22,

TanLe 22.— Application of chemical fertilizer in rotation and continuous cullure,
Missourt

71ilnd and qnantity of ferti-

Total quantities for 6-year
lizer materials used (annual- period (per acre)

Plot number Crop Iy pgce o tE —
Sodium Acid Muriate | Sodium Acid Muriate
nitrate |phosphate]of potash| nitrate |phosphato)of potash

‘ Pounds | Pounds | Pounds | Pounds | Pounds | Pounds

2 (rotation)......... 764 301 136
@oomo

7 5 218 3330 1,200 1
464 147 170
d 464 147 170

2écon)tlnuous cal- | Wheat. .ocoade.... 495 200 111 2,970 1,25 660

ure

60635—261 —4
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In Tables 23, 24, 25, and 26 are summarized from Tables 8 to 16,
inclusive, those average yi
which show the average effects of crop rotation and the use of fertiliz
ers on the yield of wheat, corn, oats, and timoth{ when these two
farm practices are conjoined. In the column to the right of the one
containing the average yields are given the average Increases, over
check plots in continuous culture, due to the conjoint effects of rota-
tion and the use of manure, and in case of wheat, the conjoint effects
of rotation and the use of chemical fertilizer.

TaBLE 23.—Average effects of the conjoint action of crop rolation and the use of
Jertilizers on the yields of wheat, Missouri

Average
in

croase
over check
plot iu

Average |continuous
Plot No. | Cultural conditions, rotation and check plot In continuous culture | yleld per | cuiture,

l acre due to

| | of tertiliz-

— ~ ST

6-year rotation:
11,12, 14,20 Rotation and use of manure........
3 Rotatlou and use of chemieal fertiliz
No rotation and no fertilizer
4-year rotation:
34, 35,37,38 Rotation and use of manure. ..
9 No rotation and no manure.
3-year rotation: .
28 Rotation and use of manure...
9 No rotation and no mannre....
2-year rotation:
31 Rotation and use of manure.. .
9 No rotation and no manure.

! Average yleld and increase effocted by rotation and use of

L T L R e vl 282! 19.1
Y}ei_«tin?nd Increase effected by rotation and nse of chemical
8! zer

TABLE 24.—Average effects of the conjoint action of crop rotation and the use of
Jarm manure on the yields of corn

Average
{ncrease
v ovelr %P;ect
verage ot in
Plot No. Cultural conditfons, rotation {l’ﬁ% check plot fu contiuuouns | yleld xfer cogdnuous
acre cuiture due
to rotation
and use of
manurs
B-year rotation: Bushels Bushels
11,14,20 Rotation and use of manure.._.__.._...____. 4o 24.2
17 Norotation and no manure_...-.......o.ooon . o = .
4-year rotation:
34,385,37,38 Rotation and use of manure 47.7 9.1
17 No rotation and no manure... 2201010 M6 |oTlic.... -
3-year rotation:
28 Rotatlon and use of manure.. .. 51.0 326
17 Norotation and uo manure. ... ). I T PR,
Average yleld and {ncrease offected by rotation and use of
DEARre.-Se iR, .ol o e Tl 5w 47.7 25.3

elds of wheat, corn, oats, and timothy
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Y

TaBLE 25.—Average effects of the conjoint action of crop rolation and the use of

manure on the yields of oals ! ;
Average
Increase
" ovo{ c:t;eek
verage plot in
Plot No. Cultural conditlons, routk:"nll :lﬁg check plot In continuous ¥iold per |continuous
acre cuiture due
to rotation
and use of
. manure
= - r— et —— -
6-year rotation: Bushels Bushels
11,12,14,19,20 Rotatlon and use of MADUTLe. ..o .coeeeeeeeaimmnnareeennnnn 3.0 181
16 No rotationand A0 MANUrE. .. ccceeeencececcemeancencenannnn WS, .o -
4-year rotation: . i
34,35,37,38 Rotation and use of MANUre. ...cceeueeneennnn e 87.2 | 138
16 No rotation and no manure......ccceeeeeeeccececneneanees B4 e
Average yleld and 1nerease effected by rotation and use .
of manure....... . == 359 14.8

TABLE 26.—Average effects of the ca-n}zm'nt action of crop rolation and the use of
manure on the yield of timothy ol

| ATRE s e 3 = kv W
Average
- Incresse
p ovelr el}eck
verage plot In
Plot No, | Cultural conditions, mtado&lﬂ mu:t: check plot in continuous yleid per | continuous
acre cuiture due
to rotation
and use of
manure
—— - i e
| G-year rotsation: Pounds Pounds
11,12,19,20 | Rotation and use of IDADNIS . _cceoveocvencccacceoceocaanencn 5,370 2,485
b4] No rotation and no manure........ 2000 oo o .

B s SR N S e g BES

The average yields and increases given in Tables 21, 23, 24 and 25
are summarized in Table 27, in which are given the relative values
of rotation (R) in effecting increases when conjoined with the use
of fertilizers, and the additive cffects of the conjoint action of rota-
tion and the use of fertilizers on the yields of wheat, corn, nnd oats.

TArLE 27.—Rclative values of rotalion (R) and additive effecls on the Yields of
wheal, corn, and oals when rolation of crops and use of ferlilizers are conjoincd

—— — L e = e

' L S s 4
l Additive effects of rota-

- ‘I;‘L‘r’,‘: ‘1’4! ‘ hlnn and use of ferti-
zer
Sum of
| Average Relative | increases Actual
Crop | Cultural conditions yleld valne of | effected by | o 0,
per acre R1 I rotation | Teoted b
. } ‘e ected by
R F and nse of conjoinin
i fertilizer rotat(ong
when | and use of
! , | ! &ﬁgg‘i‘; | fertilizer
r+n |

e SIS . — — - i e fo P = -

Bushets |Bushels Bushets! Percent |  Bushels Bushets
9.1 | 100.0 19.1

Whest..... Rotation and use of manure. | 28.2 | 1| 20.0
Rl'ztattll]l;n and use of chemlical | 30.0 3.6 | 99 | 30. 4 2.8 1.8
ertilizer.
Corn. . T2 l Rotation and use of manure. | 47.7 10.6 10.2 103.9 20.8 25.3
Oats._.._.. Rotation and use of mannro.l 35.9 28 83 l 337 17.9 14.5
' " ) 1]

! Relative value of R is obtained by dividing tbe Increase offected wben rotation is added to eultivation
l?;ltduthe use of fertilizer by the Increase effected when the use of fertiiizer is added to eultivation and
ation.
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The results tabulated in Table 27 show that when rotation of crops
is added to the use of manure, under the eonditions of the Missouri
tests, it is fully as effective in inecreasing the yields of wheat and
corn as when the use of manure is conjoined with rotation of erops;
or, in other words, the relative values of rotation (R) in effecting
inereases in the yields of wheat and corn are 100 per cent and 103.9
per cent, respeetively. In ease of oats, the relative value of R is

L preen
"';::'.3
a# a'
¥ m[ 5%
-
Q wd azn o
y et
Y 22 NS 5 5
a.ﬁ'! = 7z N
Z 5 2
§H ’f- f 72 ‘3% W\
20 “
Q s "'H A
3 2
M gl
e
-+
= A ETT coeN — a97s

EEr7eL0 wrrwovr eozaron ano Feeriiizer
Neawwv ovEs 70 cene corerron

EZ e ovE 70 reavees

Eeow ove 70 crercisr FEeTLIZER

Fia. 3.—Chart visualizing the comparahle ylelds obtained on wheat, corn, and oats at Columbia,
Mo., showing the average yieids that have beon obtained from caltivation alone, the increase
eflected by combining rotation of crops or the use of fertliizers with cuitivation, and the total
Increase effected ovor cultivation due to the effects of conjoining rotation and tho use of fertilizer

only 33.7 per cent. In case of wheat, the increase effected by adding
rotation to the use of chemieal fertilizer is only 36.4 per eent as
much as when the use of chemieal fertilizer is added to rotation.

The figures in the last two subeolumns show that when the prac-
tices of erop rotation and the use of fertilizers are eonjoined their
combined effects in increasing erop yields are additive, though in
each case the combined effeets are somewhat less than fully additive.

Figure 3 represents in chart form the average yields of wheat, corn,
and oats that have been obtained on the long-time fertility plots at
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Columbia, Mo., illustrating the following results: The average yields
that have been obtained from cultivation alone; the increase efiected
by conjoining crop rotation or the use of fertilizers with cultivation;
and the total inereases effected, over cultivation alone, by combin-
ing rotation and the use of fertilizers.

In each of the bars in which are shown the additive effects of
combining rotation and the use of fertilizer, the diagonal hachure
at the top represents the value of the use of fertilizer (F), and the
diagonal hachure below the unhachured space represents the value
of rotation (R). The unhachured portion represents the value of
the interactive effects of rotation and the use of fertilizer when one

ractice is conjoined with the other; or it may show in each case
Kow much less is the actual gain due to the conjoint effects of rota-
tion and fertilizers than the suin of the inereases effected by rota-
tion and fertilization when practiced independently of each other,
that is, the value of » plus the value of f. It can not be determined
just how much of the unallocated portion of the gain should be
credited to R and F, in the one case, or how much should be sub-
tracted from the values of r and f, in the second case.

WOOSTER EXPERIMENTS WITH WHEAT, CORN, AND OATS

The fertility experiments at Wooster (13) were begun in 1893.
Here a 5-year rotation consisting of corn, oats, wheat, clover, and
timothy is under test; and the various plots are repeated five times
so as to give the yields of all the erops each year. Thus in these
experiments an average yield of corn, for example, in rotation for
a period of successive years represents the same seasonal effeets as
the eorresponding average yield of corn grown in eontinuous culture
for the same years. The published results herein considered cover
the 25-year period from 1894 to 1918, inclusive.

Both the rotation and econtinuous-culture tests at Wooster are
located on a silt loam of the Wooster series. The surface sdil has
a yellowish-brown color and a inealy structure and is underlain by
a brownish-yellow, friable stratum having a silt loam texture. The
soil had been subjected to exhaustive eropping prior to 1893; and
in reaetion, it is aecid.

In rotation, corn, oats, wheat, elover, and timothy are grown on
five tracts of land, each of which is divided into 30 one-tenth-acre
plots. In continuous eulture, corn, oats, and wheat are grown on
three tracts, each consisting of 10 one-tenth-aere plots. In all eases
two fertilized plots, as Nos. 2 and 3, lic between two check plots, as
Nos. 1 and 4. Four of the plots in continuous culture reeeive no
treatment and six are fertilized, four with complete chemical ferti-
lizers and two with farm manure.

EXPERIMENTAL DATA

In Table 28 are given the data on the fertilizers used on all the
plots in continuous culture and on similarly fertilized plots in rota-
tion. The last column of the table shows, for comparison, the aver-
age yield on each plot indicated for the 25-year period. !

It is to be observed that, on the basis of the quantity of chemical
fertilizers applied per acre, the most comparable yields for eorn and
oats are to be obtained by averaging the yields on plots 2 and 3 in
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these averages, and the wheat

yields on plot 2 in continuous culture, with the yields on plots 11
1n rotation; and in case of manure, by averaging the yields on plots

5 and 6 in continuous culture, for wheat an

these averages with the yiclds on plot 20 in rotation.
given beyond, the yields of oats on manured plot No. 5 in continuous
culture are compared with those on plot 20 in rotation.

corn, and comparing

For reasons

TaBLE 28.—Fertilizers used on the fertilily plots at Wooster, Ohio

(18, pp. 583, 588, 500, 592
CONTINUOUS CULTURE

Fertllizer materials (quantities per acre)

x J Total l Yield

) acre
Plot Crop l per acre f"

Nitrate | Dried | Acid | Murlate annually | \2-eer

of soda hlood |phosphate | of potash | Manure | average)

Pounds | Pounds | Pounds | Pounds ] Tons Pounds | Bushels
3 60 30 |- .- 250 7
85 23 7.3
45 245 15.7
9 160 420 40.1
160 420 411
160 i el 430 10.7
[} 120 60 |... 500 42.2
1. T T 830 45. 6
90 60 480 2.0
8 160 )| LRECH ST R 880 “o
160 100 880 41.5
160 100 500 22.8

Tons
5| Corn i jray 5 5 25. 4
Oats | I s 25 2.5 20.9
| Wheat~ -] 25 35 14.3
6 | Corn. ! 5.0 8.0 8.7
Oats. | | 8.0 8.0 37.4
CLLTRETAMI L SN T | 5.0 50 188
. |
ROTATION
R 1
Pounds

8 160 43.8
160 48.0
260 .0
[} 240 38.5
240 383
70 144
14 320 43.8
41.0

430 1
(] 40 42.8
240 48.2
330 26.4
17 320 45.9
320 511
M5 243
1 320 48.6
320 512

430 231
12 400 48.8
400 80.7
510 28.9

Tons

20 | Corn 4.0 40 4.0
OFTT T T SR FTRREE TN TRSIN J) UO N PO 0 Wi S il iy g 39.5
‘Wheat 40 40 19.7
Clover. e . -,
BT, P S SRR, Mgt ool ol il syl i i o gl Lo B [
18 | Corn 8.0 8.0 | 63.6
Oats. 48.6
‘Wheat. - 8.0 8.0 4.2
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In Table 29 is shown the similarity in the fertilizer.treatments
given to the five Flots selected, as based on the quantities of the three
major nutrient elements applied per acre.

TanLE 20.—Quantities of the major nutrient elements applied in the Jorm of chem-
tcal fertilizers and manure to five of the selected Wooster plots

(12, p. 885)
Nutrient elements (per acre)

Plot Crop Quantity of material applied per acre - e
I Nitrogen lPhoephorm Potassium
— '- ' e - —

Chemlcal fertDizer In continuous culture: I Pounds Pounds Pounds
12,3 Corn.... nﬁ)wndsmnuan ..... 25 7.7 2.5
1 2430 pg:ugsds nnn;xu y.<3 g 7.8 30.7
nds annually.._... 1.2 41.0

Chemlcal fertilizer in rotation:
11| Corn.... 320 pounds annually. . 28 5.8 32.8
| Oats..... BOss i e st <o e S0 e g 2 5.6 32.8
Wheat... o 430 pounds annually. . ....eceeenennnnn.. 25 1.2 410
Manure {n continuous culture:

is.el Cora.... 3 6.9 21

y 3 6.9 2

-] 22 48 14
2 § .(,)85.2 o 7.4 ® 204
3.2 7.4 2.4
—— — SO

1 Residual effect

In Tables 30, 31, 32, and 33 are given in detail the yields of corn,
oats, and wheat on the plots which have been selected for study,
both in continuous culture and in rotation for each year from 1894
to 1913, and the average yields for the fifth 5-year period, 1914~
1918. The gains per acre are also given. The gain in each case
has been determined b{ taking the difference between the yield on
the fertilized plot and the calculated yield on the same plot if it were
not fertilized—the latter yield being determined by the * progressive
method,” assuming any variations in the soil between two successive
check piobs to be uniformly progressive,
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TasLe 30.—Average yields of corn, o;lts, and wheat, and gains per acre, on plots
2 and 8 in conlinuous culture for 25 years, 18941918, Wooster, Ohio

Yieids and gains per acre (bushels)

Corn Oats Wheat
Years
Plots | Plots | Gain | Plots | Plots { Gain Gain
3s0d3{28nd3 | dueto 2and3|2and 3| dueto | SIot2 | Plot2 | que g
fertl- | unfer- | fertl- | fertl- | unfer- | ferti- lized | tilized forti-
Hzed | tillzed | lizer | lized | tilized | lizer Hzer
3.75) 3.00| 25.62| &47] 10.00) 13.84]| 546
483 30.02] 33.78| 614 1483 &50| o2
18.52 | 4180 23.13 | 1867 j 6.08| L18| 4.90
14.32 | 47.07) 20,67 1830 | 3283 | 20.17| 1266
22,05 41.64| 2664 | 1500 2617 11.82| 14.35
1270 | 40.48 | 27,77 12.72] 10.78 | 10.46| o.32
19.37 ) 45.47| 25.23| 20.2¢| 1825 294} 1331
21.68 | 38911 20,00 1882 18.00| 222| 1578
23.36| 39.45| 20,04/ 1041 20075 | 90.80| 10.95
30.54 | 4571 20.78 | 24.93 | 26,00 | 13.44| 1266
4.12| 21.91| 4.88| 17.03| 20,50 | 1244 14.06
23.81| 38.20| 18.20 | 20.09f 21.90| 817 1373
10.97 | 56.49| 31.40{ 25001 8.37| 4.01| 4.36
24.84 | 48.85| 27.27| 21.28 10.25| 299 7.26
20.10| 4222| 1661 2561 20.17| 0.64] 108
20.61( 28.17| 1293 | 1824/ 10.33| 552! 13.81
1831 | 40.28| 1749 2274 205| 885 2010
2017) 43131 2116 2197} 17.41] 62! 1121
2038} 37.68 | 1707 20.51 | 27.25} 10.20! 17.08
14.49 | 36.21 [ 22.81 | 13.40| 2217 6.75| 1542
2520| 830 140! 7.19| 14.67| 208{ 12.%
24,42 | 58,08 31.75| 26.34 | 246! .70 1.67
18311 2203 131 1.72| 1083 | 7.44| 129
20.54| 3268 1685 1583 | 17.28| &45 1.8
1773 | 41.28| 20.32| 20.96 | 22.32| 888 1374
25-year average. ...... 35.88 | .16.88 | 190.00) 39.17 | 20.86 18,311 10.74 7.77 1.97

1 Annual yields not published,
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TasLe 31.—Yields of corn, oats and wheat, and gains per acre, on plot 11 in rotation

for £5 years, 18941918,

ooster, Ohio

- Ylelds and gains per acre (bushels)
Corn Oats Wheat
Years
Galn QGain Galn

Plot 111 Plot 11 Plol 11| Plot 11 Tlot 11| Plot 11

fertl- if unfer- d,z:t;_" fertl- !if unfer- '}2&;_‘) fertl- {If unfer- '}::t:f'
lized | tilized zer lized | tilized 1 lized | tilized Wior
20. 26 020} 3328 2220{ 10.08| 18.84 | 1806 | ~0.42
31.60| 10.43| 37.57 | 20.66 | 10.91 10. 83 3.00 7.83
53.86 ) 14.7) | 37.34 | 2209 | 1525 9.04 1.28 7.76
24.32 9.57 | 61.84 | 43.54 13.02 | 30.58 9.83 20.75
2268 | 18.68 | 4.3 37.96 ) 10.32| 33.67| 1596 17.71
3086 | 10072 43.61 | 30.690) 1292 20.53 9. 80 10.73
4.37 | 1386 601 3600 | 2281 283 5.64 17.19
4.9 | 21.60 12} 1880 | 24.32} 11.67 1.00 10. 67
4388 | 27,01 | 57.08) 30.78| 26.25| 27.25 5 21.31
49.50 | “20.76 | €0.62 | 36681 24.11 | 37.33 | 10.36 20, 97
4.41 .23 43.05 ) 21.56 | 21.49 | 3825 | 20.30 17. 95
3045 | 19.45 | 5248 ) 2874 | 28.74 | 27.47 865 18. 82
14.37 | 2170} ©66.41 i 46.88 | 190.83 | 26,83 8,901 17.92
3115 21.66 | 61.40 | 39.53 |_21.87| 24.75 4.38 20. 37
4202 30.73 | 5290 20,92 25.98| 4270 21.01 21,09
36,201 2819, 32907 I 1913 | 1484 0,79 1322 16.57
26,72 | 17.92) 8375 4424 9.51 41.45 | 21.42 20.03
3000 | 2404 | 53.49 3514 13.35 | 33.10 13.78 19,32
1,04 | 20.31| 53.60| 33.99| 19.61 | 34.17} 2043 13 54
7.38 3. 47.59 | 34.81 1308 26.78 7.79 18. 98
41.88 ) 34.81| 367V | 13.8| 28B.56| 2200 6. 45 18. 65
( () 63.55| 33.20| 3226 9,75 Q. 97 878
1513 ) 2240} M. 22 9.00| 1516 30.46| 2201 17.45
S-year average...c...-. 41.87 . 20.40 | 20.88 | 4561 | 2488 | 20.73 | 26.43 | 11.57 14. 86
Syear average, 1914~ | i
TR o ssmcnaeese 46.34 ) 2462 21.72] 6LOB | 40.14 | 20.87 | 33.06 | 13.88 19.18
e T
25-year average. .. 46.00 | 27.24 | 10.36 51.24I 3].92l w.azl 212 M,54| 1688
1 Fertillzed with complete chemical fertilizer. (Seo Table 28.)

3 Crop injured by while grub.
! Annual ylelds not published.

60635—261—
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Tasue 32.—Average yields of corn and wheat on plols 5 and 6 (manured) and of
oats on plot 6 in continuous culture for 25 years, 1894-1918, Wooster, Ohio

Yields and galins per acre (bushels)
Corn Oats Wheat
Years
Aver- | Aver- | Aver- Aver- | Aver- | Aver-
ageof | age of | age Plot § Plot 8 | Gain ‘ age of | age of lﬁ.
plots 5| plots 5| gain ma- | jfun- | dueto plots §|plotss | gain
and 6 |and6lf| per nured | 8° ma- [ andé jandélf | dueto
ma- | unma-| acre nured | nure- | ma- | unma-| ma-
nured | nured | nured | nured | nure
19141 222| 2641} 2490{ 1.42| 1379} 1238 1.41
20.32} 1411} 33.908 33.36 0. 62 9.13 4.80 4.33
50.30 | 14.95| 26.41 | 24.27 214 4.08 112 204
1003} 1261} 34.06| 31.46 260 2.711 20.42 68.29
2700 10.08| 33.28| 238.08 520 1898 1L..79 7.17
27.194 1250 | 30.83! 2843 240 | 14533} 1010 4.43
18.43 | 14.34| 31.87| 27.40 4.47 0.38 3.63 578
23.17 | 19.96 | 20.37} 21.61 7.76 1 1138 27 8.67
21.64 | 19.82| 31.00| 23.8 720 1816} 10.62 7.4
1288 21,00} 3219 23.12 0.07 10. 18.74 4.09
5.32| 16.81 18 59001 1208, 2303} 1270 10.38
5-year average. 3467 1620 18.38| 2851 | 20.38 813} 1637 9.08 7.29
1964. ...... 2191 2.55] 10.38 | 55.47| 3344 2208 8.60 3.70 1.09
1005. 44.22] 15.34 | 2888, 40.70| 20.50 | 11.20 8. 61 2.9 ATl
1008, 35.75 | 16.83) 10.22| 30.04 | 15. 54| 1840 20 9.54 10.71
1007. 19.03 304 15991 23908 13.40| 10.49| 13.84 [ 8 7.87
1908. 25,097 7.53| 17.836| 24.06| 18.26! 8.80| 2010' 9.8 16.34
B-year average. 29,20 9.00( 20.20f 3503 2205 1298 | 14.88 8. 40 8.4¢
R 20.77 6051 14.72| 2688 | 17.60{ 9.28 | 25.37| 10.48 14. 89
1y T L 18.85 365 15.20| 30.85) 23.06 6,89 2248 6.80 15. 68
U S i 33.94 9.381 24.56 8.63 .99 64| 1365 2.83 10. 82
T 28. 62 9.11] 10.51] 49.30| 36,04 1238 1.87 1.00 .87
IR 2 ot SIS 20.04 800§ 15.641 17.11 | 10.37 674} 1875 9.21 9. 54
5-year average......... 24. 56 6.64] 17.92( 26.00 | 1837 7.72] 16.43 6.08 10. 38
5-year average, 1914-
IIsRN . T e L s 24.43 7.54) 16.88 | 28.79 | 19.38 9.41 | 20.62 | %14 11.35
25-year average. - ...... 30.83 | 1333} 17.20| 20.85| 21.77| 813| 1638 818 8.33

1 Annual yield not published.
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TABLE 33.—Yields of corn, oats, and wheat, and gains per acre, on plot 20 (manured)
in rotation for €5 years, 1894-1918, Wooster, Ohio

I Ylelds and gains per acre (bushels)

Corn Oats i Wheat
Years - — R R —
{
| plot | Fot | Gain | Plot | It | Gain | Flot | Elt | Gata
0 ma-| e dueto |20 mA- | nma- due to | 20 ma- | oo | dueto
| nured | | ure| nured oui manure| nured l pured [menure
Fr -~ PRI (o} B a:
| 1
1728 | 10.87 | 2350 208 2027 | -02! 1746 17.09| -0.58
37.21 | 35.29 1.92| 422 27.00 4. 62 7.17 2 61 4.56
55.08 | 50.84 4.84 | 2456 2411 145 4.79 L2 3.87
A48 | 474 10.80 | 37.50 | 3697 0.53 ) 1292 8.67 4.25
30.86 } 28231 11.56| 39.68) 3609 3.80| 1804 10.65 4.39
S-year average......... 3891 | 3181 7.10] 3230) 20.81| 258 IL4s| 8;| 3.2
1809 | 4132 25.62] 1580 4406 | 34.69 9.37 1 13.%0 7.78 6.78
1900, J 37980 2487 1LOO| 34221 19.53| 1480 7.78 0.60 7.08
1901 - 40,07} 34631 10.42| 338! 3186 7.10| 1433 4 38 .07
1902 74821 568.41] 1841 | 31.41 | 20 - Le8) la42| 1028 I 414
L e R B T neat 12N 3.82 830 | 3301 21.48]| 1243 | 21.33| 1620 813
§-year aversge.......... 43.08 | 30.26 | 1282 | 3645 | 27.40 0.05 | 14.67 8.26 a.41
B s -+ - e el 37.25 ) 1896 | 18.20| 84.06| 4681 7.45| 2221 | 10.00 1221
1906......... N T e 80.57 | 3838 15.19| 47.63| 3808} _8.67| 13.12 8.41 7.7
1906, 50.54 | 3604 17.50| 37.80 | 28.25 9.25| 37.08| 2272 14.30
i b S e Sl by S wee| 67.93 l 30.74| 28.18) 2219 14.84 7.35] 2250 13.96 8. .54
1908, LR 4225 | 27.67 | 14.838 ) 45.50 | 41.82 77| 27.46 | 17.08 9.7
S-year average......... 50.31 | 31.56 | 18.75] 4200 34.10 7.90 | 2447 13.95 10.82
10.67 | 45.30 | 34.87| 10.82| 3321 ; 2241 10. 80
1421 4600 3889 | 7.%0| 3. 7.76 | 1578
2.74| 32 1681 | 1822} 20.33 7.42 1291
(] 40.07 | 3147 8.60 4 33 1.17 5.18
17.98 | 17.42 | 13.30 412 20.84 | 1487 9.07
&year aversge......... 39.21 | 19.56 : 10.65 ] 3034 | 2098 9.39( 2199 1112 10.87
S-year average, 1014~ |
LT LI, 4 Tt 52| 2080 | 17.63| s0.42| s0.66| 0.76| 2583 | 1.8 | 1090
25-year average........ 4281 | 21.61 ' 15.19 | 30.82 | .78 T.74| 1960 1128, 841
! Residna) effect of manure applied to com. No direct manurs applieation made on oats In rotation.
! Injury hy white grub.
§ Annnal ylelds not published.

The oat crop on plot 20 in rotation docs not receive any direct
quhcntion of manure, but it receives the residual effect of the 4 tons
oi manure applied to the preceding corn cror. In continuous culture,
the nearest approach to yields comparable with the oat yields on
plot 20 in rotation are those obtained on plot 5, which receives an
annual application of 2.5 tons of manure per acre. This explains
why the oat yields in rotation are compared with those on plot 5 in
continuous culture, instead of with the average of the yiclds obtained
on plots 5 and 6, as in case of the wheat nng corn.

RESULTS WHEN ROTATION AND PERTILIZATION' ARE PRACTICED INDEPENDENTLY

From the 25-ycar averages given in Tables 30, 31, 32, and 33,
Table 34 is constructed, summarizing the uvera%e yields per acre
and the increases over check plots in continuous culture, and showing
the relative values of crop rotation in increasing crop yields when

rcz%lution and tho use of fertilizers are practiced independently of each
other.
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TasLe 34.—Efects of crop rolation and ;7' the use of fertilizers on the yields of
wheat, corn, and oats. Wooster, 25-year results

(Rotation and fertilization practiced separately)

Relatlve

value of
| Increase | crop ro~
| over |tatlon, as
Average . check [compared

|
Plot Crop Cultural conditions yleid piot | with fer-
peracre | Incon- | tilizers,
tinuous in
culture | effecting
lnrfcr
ylelds
Bushels | Bushels | Per cent
11 Crop rotatlon without the use of chemical fertilizer (r) 1L 54 8.77 L6
2 Wheat Use of chemical fertiiizer without crop rotation ()
20! [[[§ =TT 2= Crop rotation without the use of manure (r).....
15,8 Use of manure without crop rotation (f)...
11
12,3 Use of chemical fertilizer without rotation ({)........

"""" Crop rotation without the use of manure (r)...

I Crop rotation without the use of chemicai fertiiizer(r).
Corn

15,6 Use of manure without rotation (f)...cccceeuoouonao.
11 Crop rotation without the use of chemlcal fertilizer (r).
12,3 | Oats 1] Use of chemical fertilizer without rotation (f)........
99 L5 TR < 2o [{Crop rotation without the use of manure (r)... 1
5| |tUse of manure without rotation (f).......ccceeeeen.. |

1 Average.

The comparative separate effects of crop rotation and the use of
fertilizers in effecting larger yields of wheat, corn, and oats, under
the conditions of the Wooster ex eriments, are reflected in the relative
values of rotation. Here it is sﬁown that, in each case, the rotation
cffccts in the manure series are relatively higher than in the chemical-
fertilizer serics, the average relative values for rotation being 81.3
per cent and 48.8 per cent, respectively, for the two series.

RESULTS WHEN CROP ROTATION AND THE USE OF FERTILIZERS ARE CONJOINED

In Table 35 are summarized the results of the Wooster experiments
when rotation of crops and the use of fertilizers are combined, sliow-
ing the relative values for rotation (R) and the additive effects of
conjoining rotation and the use of fertilizers.

TaBLE 35.—Relative values of rotation (R) and additive eflects of conjoining rolation
and the use of fertilizers, Wooster, Ohio

‘ i L4 1l B0 iR e S -
Vaiues for Additive eflects of ro-
tation and use of
' e dm Ak | fertliizers
um o
| ls t
i Average lnclatl [ PCTERSER | 4 oiuai
Crop Cultural conditions yleid pger vaiue :l eilected by incctense
acre K a;(:itﬁg:%f eflected hy
R F fertilizer conjolning
i Shedl rotation
practiced and use of
separntely fertilizers
| (r+/)
|
Wheat...... Rotationand useofchemical | Bushels |Bushels| Bushels| Per cent | Bushels Bushels
| Rotatlonasd iz ofmnire.| oe| To3| ‘o) st T dsm it
nd u; anure.. 3 ., 4 & & o
Comy, . 108! | Rotatlon and use of chemleal L ik &1
| RomuonsidussomeL e | 19a| B Ll nwl  2n
Oats........ R({)t:ttllltlm and use of chemical | s ok i
i oo PR ety 51.24 1 1207 | 10.32 62.5 . 30.38
Rotation and use of manure! 39.52 9.67 7.74 124.9 'fs). % 17.80

1 Reslduai effects, manure is applied to corn and wheat in the rotation. (See Tahle 28.)
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 These experiments on wheat, corn, and oats at Wooster show that
rotation of crops, when joined to the use of chemical fertilizer, is
56.1 per cent as effective in increasing orop yiclds as the use of
chemical fertilizer when joined to rotation o? crops, as is indicated
by the relative values of . When compared with the use of manure,
rotation (R) has a higher efficiency than when compared with the use
of chemical fertilizer, as is indicated by an average relative value of
81.0 per cent for R. ‘

The figures in the last two subcolumns show that the conjoint
effects of rotation and the use of fertilizers, in effccting increases

a R Y ke dianv

3
o

PUELOS FEG AOEE W SESHELST

3 4 O
|

/2 20 5 /N 20 VW 2 20 5 1 Lo VvV 2 LO S N PO
3 * & I 4 & -

WHEAT corn oqaTS .
EBQr7Eco wirH/ov T ROTATION AND FERTILIZERS
ESesw cecorreo 70 CROP RO7TATION

ey crREO/TEDL TO CHEMCAL FERTILIZERS

IR EAIN CREDITED 70 MANYRE

Fi0. 4.—Chart snmmarizing the rotatlon and fertlilzer results obtained on wheat, corn, and oats
at Wooster, Ohlo, showing the average yields that have been obtalned from cultivation alone,
the Increases eflected when to cultivation is sdded rotation or the use of fertilizer, and the in-
creases obtained (over eultivation) due to the conjoint effects of rotatlon and the use of fertilizers.
The numbers below the bars are the plot nnmbers

above the check-plot yields in continuous culture, are practically
fully additive, except in case of the combined effects of rotation and
the use of chcmica{ fertilizer on wheat, where the effects are more
than fully additive.

In Fif;urc 4 are summarized in diagrammatic form the results
obtained at Wooster, as follows: The average yields of wheat, corn,
and oats that have been obtained from cultivation alone, that is, with-
out rotation and fertilizer; the increases obtained when with culti-
vation is combined the practice of crop rotation or the use of ferti-
lizer; and the increase over cultivation duc to the combined effects
of rotation and the use of fertilizer. 1
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. In the last two bars of each series the horizontal and vertical
hachure may be interpreted to represent either the values for R and F
(the increases effected by rotation when added to the use of fertilizers
and the increases effected by the use of fertilizers when added to
rotation) or the values of » and f (the increases effected by rotation
and the use of fertilizers when practiced independently of each other).

It is to be noted that in tﬁe bar showing the yield of wheat on
plot 11 (rotation and fertilizer) the hachure showing the values for
rotation (R) and fertilizers (F) overlap to the extent of 4.61 bushels,
as indicated by 'the horizontal-vertical crosshatching. This value
of 4.61 bushels measures the interactive effects of rotation and the
use of chemical fertilizer when the two practices are conjoined. The
horizontal-vertical crosshatching also shows how much greater the
increase effected by the conjoint action of rotation and the use of
fertilizer is than the sum of the increases effected by these two
practices when acting separately.

GERMANTOWN EXPERIMENTS WITH TOBACCO

The experiments on tobacco at Germantown, Ohio, were begun in
1903. Published results cover the 16-ycar period from 1903 to 1918
inclusive (12, pp. 629-634). The rotation involved consists of
tobacco, wheat, and clover, grown in the order named. Only
tobacco is grown in continuous culture. The rotation plots are
repeated, so that tobacco yields are obtained for each year.

he Germantown plots are one-twenticth of an acre in size and
are located on a heavy soil designated as Miami clay loam, which is
the product of the weathering of a thick bed of lacia{ drift composed
lall'Fely of the detritus of limestone rocks. Thus, originally, this
soll was well supplied with carbonate of lime, and for this reason
tobacco has not responded to liming. The experimental results
selected for this study have been obtained on unlimed soil.

The yields of tobacco which are nearest to being comparable are
those which have been obtained on the plots indicated in Table 36.

TaBLE 36.—So0il treatment and yields on Germantown, Ohio, plots
{16-year averages, 1003-1918)

| Fertilizer materlals used (per acre to
tobacco)

| Average
System of cropping | Plot Crop = T : ”;;},"‘
Nitrate | Acld | Murlate acre

I
of soda [phosphate] of pouuhl Manare i

|
I = L §

{ | Pounds | Pounds | Pounds | Tons | Pounds
Continuous culture. {ll 9 | Tobacco............ ' 320 e 120
. : 3

Rotgtlon ........... I{

e o : r !

! Bame treatment on each plot.

— e

The data of the tobacco yields on the selected Germantown plots
are summarized in Tables 37 and 38. i
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TasLE 37.—The effects of crop rolation and the use of fertilizers on the yields of
tobacco, Germantown, Ohio .

[Rotation and use of fertilizers practiced separately]

i
: ’ Relative
value of
crop rota-
Increase tions, as
Average |over check | compered

Plot No. Cultural conditions yleld per plotIn | with ferti.
acre continuous| lizers, in
culture eflecting
incroases
over culti-
| vation alone
| Y Pounds Pounds Per cend
12 | Crop rotation without the use of chemical fertilizer (r).... 5% 213 3.3
9 | Use of chomical fertilizer without rotation (............. 1 1,084 ... joiadein 5
9 | Withont rotatlon and without the use of chemical fertilizer v < I——— el g
83 | Crop rotation without the use of menure (r).............. 512 177 328
11,14, 17 | Use of manure without rotatlon (NN...ccoceavcceooa. 878 B0 |eoeeennnce [

1,4,7,10 | Without rotation and without the use of manure

NoOTE.—Because of the arrangement of the manured piots in contlnuous culture it seemed advisable to
sverago the ylelds on piots 1, 4, 7, and 10 to obtain a check-plot yield in the manure series.

TaBLE 38.—Relative values of rotation (R) and additive effects of conjoining rotation
and the use of fertilizers

{Tohscco, Germantown, Ohio}

~

-

| Additive effects of rota-
THl ot and. X | | tion and use of fortilizer
= SIC e s
! ‘ I | 8um of h:-
| Average | Relative | STO8808 Of | 4 011
Cuitnral conditions yield per | value of | fected b Increase
acre | { R rotation effocted h
and use of y
R F 4 fertilizer conjoining
| when rotation
| practiced and use of
| | soparately | fertillzers
| r+N X
e { -
| Pounds | Pounds | Pounds | Per cent | Pounds Pounds
Rotatlon and use of chemical fertilizer., 1,141 71 617 128 066
Rotation and use of manure........ ...! '] 118 } 481 4.5 717 658

These results show that under the conditions of the Germantown
test, the 3-year rotation of tobacco, wheat, and clover is only 28.3
per cent as effective as the use of 840 poumis of a complete fertilizer
per acre and only 32.8 per cent as offective as the use of 10 tons of
manure when rotation and use of fertilizers are practiced independ-
ently of each other, and only 12.5 per cent and 24.5 per cent as
effective as the use of chemical fcrtiﬁzer and manure, respectively,
when the one practice is combined with the other. b

The combined effects of rotation and the use of chemical fertilizer
or manure are somewhat less than fully additive; that is, in effecting
Increases in the yields of tobacco over the check plots in continuous

culture.
URBANA EXPERIMENTS WITH CORN

The Morrow plots ‘at Urbana, Ill., furnish results on corn which
may be given consideration in this study of the value of crop rotation.
The Morrow field ‘‘consists of three p"Yots divided into halves. On
one corn is grown contiduously, on the second corn and oats are
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rown in rotation, and on the third, corn, oats, and elover (in rotation).
he north half of each plot is untreated, whereas the soutl half
receives standard applications of manure with cover cro()s (in the
one-crop and two-erop systems). Rock pliospliate is applied to the
southwest one-fourth of each plot at the rate of 600 pounds, and
steamed bone meal to the southeast one-fourth at the rate of 200
pounds per aere per year. In 1904 ground limnestone was applied at
the rate of 1,700 pounds per acre to the south half of each plot.”
(6, pp. 486 and 487.)

These experiments were begun in 1888 on land formerly highly
productive. Comparable yields of corn—that is, yields on fertilized
and unfertilized land in continuous culture and in rotation, begin
with the year 1904—corn being the bnly crop that is grown in con-
tinuous culture.

The Morrow plots are loeated on a prairie soil described as a brown
silt lonm which has probably developed from the weathering of
glacial material deposited during the carly Wisconsin glaciation.  In
reaction the soil had become somewhat acid.

In Table 39 are given the comparable vields of corn obtained in
continuous culture and in rotation at Urbana.

TaBLe 39.—VYields of corn in continuous culture and in rotation, Urbana, Il.,
1904-1918

Rotation (corn, oats,

Continuous culture ! dndl elovar)

Years ek 7 =

Fertilized Unfer- Fertilized Unfer-

(ML) tilized (ML) tillzed

—— L . . W .

Bushels Bushels Buahels Bushels
IS0 L, PR o R N S o e o s o o e 17.1 2L8 727 85.3
o0y S it | hadinina ... =l 48.7 20.0 9.6 80. 8
1810_. K= 4.6 35.0 83.3 58.6
1013.. s i 320 18.4 47.8 33.8
1916.. oSt 10.8 1.2 40.6 27.8
Average, 5 crops............ i b 32.6 23.4 | 6.6 | 5.2

1 A cover crop IS grown on the continuous-culture gl
least In part, the heavier applications of manure made
* M(manure), standard ali)‘plication, the
phorus), bone meal and rock phosphate.

ot, bnt not on the rotatlon plot. This balances, at
on the rotation plots.

uantity that can be prodnced from the produce grown. P(phos-
‘L (pulverlzed limestone). 4 ®

The results of a study of the average yields given in Table 39 are
summarized in Tables 40 and 41.

TABLE 40.—Effects of rotation and of the use of fertilizers
Urbana, 1.

i [Rotation and fertilizatlon practiced separately)

on the yields of corn,

1
Relative
vahue of

2 Incrensoh P rotation, as
verage | over check | ¢o;
Cultural condltlons yleld &pger p{ot in mv‘ th
acre continuous | fertilizers,
culture | ineffecting
Lnrfor
l yields
iy |
. Buahel

Crop rotation without the use of fertilizers L Q) S L - iﬁz Emh'}llfs g

Use of fertilizers without rotation (f) 32.8 Wt T

No rofationand Dofertillepro, . . iuite e . stk o cunsen ook oo oo POYS e 7l




CROP ROTATION IN RELATION TO SOIL: PRODUCTIVITY

41

TaeLE 41.—Relative value of rolation (R) and additive c}]’ecla of conjoining rolation

and the use of fertilizers, Urbana,

| y
val ( Addlitive effects of ro-
k and ¥ T i
Bum of
| Average Relative | 'incroases Actual
Cultural conditions yileld per valus of effected hy | o o
acre | R rotation eﬂ:gtrod by
. and use of
R 1 ¥ tertilizer ?gég{m:‘
when
l practiced ”‘"ﬂl}’i"’ X
separately | (ortilizers
| 4N
Bushels | Ruskels | Rushels | Per cent | Bushels i Bushels
Rotatlen and use of fertilizers. . ... 67.61 380 16,4 213.4 31.0 4.2
Rotatlon withont use of fertilizers. 4 SITERI . DR e INLE IR DR A looemcacnneen
Use of fertilizers without rotation_.__..... 32.6 o e freocereses i ............ betr e
These results, indicate that, under 72
the conditions of the Urbana experi- | coen
ments, crop rotation is three times as  &&
effective as the use of fertilizers in in- g 3
creasing the yield of corn, over culti- % &
vation alone, when rotation and the
use of fertilizers are practiced inde- ‘<&
pendently of each other; and when one ¥
practice 1s conjoined with the other, a'
rotation (R) is over twice as effective 2
as the use of fertilizers (F). And a
further, when rotation and the use of X o]
fertilizers are conjoined, their com- § i
bined effects are more than fully ad- 3 30
ditive, as determined by the increase W
in yield over the check plot in contin- 3 ag
uous culture. .
The results obtained on the Urbana & Py
field are visualized in Figure 5. It is §
to be observed that the hachure show- ¥ 42
ing the values for R and F overlap to
the extent of 7.2 bushels, as indicated o
by the crosshatching. This measures
the interactive effects of rotation and o
the use of fertilizer when these practices STRR Y ELL WITHNT LOTATAN
are combined, and it shows how much . @;Z’y” %jfgg%
greater the increase effected by con- NN "Feps eozarom

joining rotation and fertilization is
than the sum of the gains resulting
when rotation and the use of ferti-
lizers are practiced separately.

FLORENCE EXPERIMENTS WITH COTTON

The South Carolina results herein
considered are those obtained with

M//V CRED/TEL
TO FERBT/L/IZERS

F10. §.~Chart summarizin

the results on

corn at Urbana, 11l., showing the average
yield from cult{vation alone, the Increase
eflected when crop rotatlon or the use of
fertilizers Is combined with cultivatlon,
and the increase effecred hy the con‘olm
effeets of retation and the use of fertilizers

wilt-resistant cotton (Dixie variety) on the rotation and contin-
uous-culture plots of the Pee Dee Experiment Station located at
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Florence, S. C. (7). Though these experiments have not been in
progress very long, having been started in 1914, they are the best
obtainable on cotton at this time.

The rotation concerned is a 3-year system, described as follows:
First year, corn and cowpeas; second year, oats followed by cowpeas;
third year, cotton.

All the rotation plots are repeated three times, as series A, B, and
C, so that cotton yields are obtained for each year. Only cotton is
grown in continuous culture (series D). The plots in both the rota-
tion and continuous-culture series are numbered in the same order
a.nlcl the corresponding individual plots in each series are fertilized

e.

The soil on which these cotton experiments are located is a very
fine sandy loam of the Orangeburg series. Under cultivation, the
surface stratum of this soil is of a grayish color, becoming pale yellow
at a depth of about 5 or 6 inches. ~ At depths of from 10 to 15 inches
the soilpconsists of a red, friable fine sandy clay. In reaction the soil
is.somewhat acid. ‘ !

In the Pee Dee station experiments no manure is used, hence com-
parable yields are confined to the results obtained from the use of
chemical fertilizers. Three of the plots, 24, 27, and 30, are fertilized
annually with'a complete fertilizer equivalent to a 1,000-pound a pli-
cation of a 4-8—4? commercial mixture. Inasmuch as these three
plots are given favorable fertilizer treatments, as indicated by the
average yields of cotton, these plots have been selected for comparable
yields. In Table 42 are given the fertilizer treatments and the
average yields obtained on these three plots both in continuous

culture and in rotation, compared with the treatments and yields of
some of the other plots.

TaBLE 42.—Fertilizer treatments and Fuields of cotton on some of the experimental
plots at Florence, S. C.

[6-year averages)
S BERE P oan o Lt

Yields per nere

| Faertilizer materials (pounds per acre) of seed cotton
(pounds)
I Dlot 7 )
| Cotton- | Acid | Muriate Contin-
[ g‘ggg seed phos- of Kainit uous I:fta'
meal phate potash culture i)

-
i)
-

1,
1,000 |
5 1,521
6 1,485
;2
650
i
o Tt e N | NG 1,872
8 1,255 1,675
24 5 1,025
P70 TS A Iy R D B 1,862 1, 846
30 450 83.3 ,710 1,870 |
3 250 83.3 1,680 | 1,880
33 1,000 83.3 1,605 1,955
36 500 83.3 L5607 | 1,846
{ o 600 | 833 1,783 1,916

- - ! - ——— I Mot
? In South Carclina and some of the othern Southern States this analysis is expressed as $-4-4, the 8 per
cent referring to P1Os.
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On each of the three selected plots, 24, 27, and 30, are applied
annually the same quantities of the major nutrient elements. On tle
rotation plots like applications are made for corn and oats, so that
for each 3-year period the same quantities of fertilizing ingredients
are applied per acre in rotation as in continuous culture.

In Table 43 are given the average annual yields of seed cotton per
acre and gains from fertilizers on the three selected plots in con-
tinuous culture and in rotation for the period reportcd.  The results
recorded in Table 43 are from unlimed plots.

TaBLE 43.—Annual yields of seed cotlon and gains per acre on experimental plots
at Plorence, S. C.

Continnous cultare Rotation

7 1
Years | Check I | Check
Fertllized plots aver- | GQaln (rom Fertllized plots aver- | Gain from

[ average 24 average 24
27,3 uazallgndl tertilizer 7,30 ' ‘"%‘1“(’ fertilizer
| }

Pounds | Pounds Pounds Pounds Pounds
1,988 162 960 205

1, 1,
1,523 73 2,195 1,578
878 182 14023 1, 407 —384
1,080 1,008 | 1,388 217
{1 120 1,000 2,378 | 1,838 837
| , 200 345 125 | 1, 2
G-year aversge.......... L816 | L8 i 408 L8%0 | 1,63 240

It is to bo noted that the average gain from fertilizers is greater
without rotation than with rotation; nevertheless, the average yield
on the fertilized plots in rotation is greater than that on the cor-
responding plots in continuous culture.

n Tables 44 and 45 are given the cvaluations of rotation and the
additive effects of rotation and the use of fertilizer. =

TaBLE 44.—The effects of rotation and of the use of fertilizer on the yields of seced
cotlon

[Rotation and fertilization practiced separately]

{
Relative
value ol
Incresse | rotation,
Average |over check | ascom-
Cultnral conditions yield per plot in | pared with
acre |conthmous fertilizers,
culture |Ineflecting
larger
yields

Pounds Pounds Per cent
Crop rotatlon withont the use of fertilizer () .- ......... 1,621 300 60.6
Use of fertilizer without rotation (f)e—e....... .-
Noirothtion Snd. Ne MFIHTAN - - oo - vt e oo se s meemsmob s donamdcen s TN (il P LR 7 T Gl
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TaBuE 45.—Relative value of rotation (R) and additive effects of conjoining rotation
and the use of fertilizers

| i | T ;
| Vaiuesof | Additive effects of ro-

AT s b Al W B0
e, { Y o
Average [ Sum of
yieid of Relative | Increasos Actual
Cultural conditions seed cot-| . vaiue of | eflected by 9
ton per R rotation incroase
acto { ' and use of | ofTected by
R ' F fertiiizer conjoining
b en rotatlon
| practiced and use of
'i separately fertilizers
| r+n
- e SN
| Pounds | Pounds| Pounds| Per cent | Pounds Pounds
Rotation and use of fertlllzers.__._.._..__. 1, 880 64 259 4.7 798
Rotation without fertilizer._ _._........... JLC T L =N )RR W A SR TR LA, B ;.
Use of fertilizer without rotation.....__._. i e Y ST " N W - TS

These results with eotton obtained under the conditions of the
South Carolina experiments show that wheu crop rotation and the
uso of fertilizers are practiced independently of each otlier, rotation
is 60.6 per cent as officient as the use of fertilizers in effecting in-
creases 1n tho yield, as measured from the check plot in continuous
culture. On the other hand, when rotation is conjoined with the
use of fertilizers it is only about 25 per cent as efficient in ecffecting
inereases in the yield as the use of fertilizer when eonjoined with
rotation of crops. In other words, the value for R is only about
ono-fourth as. great as tho value for 7. Tlese results also show
that the conjoint effects of rotation and the use of fertilizers on the
yield of cotton are additive, though less thau fully additive.

The chart in Figure 6 is a graphie summary of these South Caro-
lina results on eotton, showing the average yield obtained from cul-
tivation alone, the gain resulting when to eultivation is added rota-
tion or the use of chemieal fertilizer, and tho average gain obtained
whon to cultivation are added rotation and the use of fertilizer.
In the third bar, the diagonal hachures ropresent the values for B
and F. The unhachured space, representing an unallocated gain
of 236 pounds, measures the interactive effeets of rotation and the
use of X}rtilizer when one practiee is conjoined with the other; and
it also sliows how much less the increase cffeeted by the conjoint
aetion of rotation and fertilizers is than the sum of the gains effected

b{ rotation and the use of fertilizers when praeticed independently
ot cach other.

I :
ROTATION AND FERTILIZER EFFICIENCIES AS AFFECTED BY SOIL
REACTION

With the exception of tho Illinois results on corn, where the soil
treatment consists of applications of ground limestone, manure, and
phosphates, and the Rothamsted cxperiments, the experimental
data presented in the foregoing tables have been obtained on soils
that aro somewhat acid in eharacter. It is a faet universally recog-
nized that, when the aeidity of soils having from medium to strong
degrees of acidity is reduced or eorrceted, the average yields of the
crops in a rotation are usually increased, regardless of the faet that

.
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some of the crops in the rotation, other than clover or alfalfa, may
show bt little or no response to a direct application of lime.
In this study of the comparative

effects of rotation and the use’ of P50
fertilizers, all of the long-time lim-

ing tests can not be considered, but /
oxﬁy those that meet with the con-
ditions which make possible the a’r

CorTreN

NN

evaluations of the effects of crop e
rotation and the use of fertilizers
on crop yiclds. The liming tests % y
that are thus in lharmony with

these conditions are those onwheat, o o4,
corn, and oats at Wooster, Ohio,

and those of a shorter duration on & sas50
cotton at Florence, S. C.

The published results of the.
Wooster experiments are for the
rotation plots only, including a 13-
yoar test on wheat (1906-1918), a
IQYcar test on corn (1900-1918),
an

a 15-year test on oats (1901 %
R

and 1905-1918) (12, pp. 598-601).
Tho 6-year results (1914-1919) re-
ported on cotton by the South
Carolina Experiment Station are
for both the rotation and continu-
ous-culture plots (7).

Since lime is applied to the west
ends of the Wooster rotation plots,
the plots selected for comparable

2 EF 27
J2 S

yields in these liming tests are the wﬁfyﬁmm
same as those heretofore chosen N L, FREOTEL 70
(sec Table 29), the average yiclds Y 1 L 5o S

for each crop being determined for FO FERTILIZERS

1ts hmln.g pcrmd’ on bOth the thd F10. 6.~—A graphie sumnmary of the compa?able
and unlimed plots. In case of the yields of cotton obtalned st Fiorenco, 8. C,
South Carolina cotton experiments, I8 e By et e o e o cui-
those plots were selected which re-  tvtion ig sed cop, rtation r ihe e of
ceive the same fertilizer treatments lcctte&i wher to c;xltlv?tih;?mnre added both

2 G rotation an o use of fe zer. ¢ nume-
undg.r _both luﬁed qndTuIr)llllmcd bers at. the bottom of the bars are the plat
conditions, as shown in Table 46. D ey

TaBLE 46.—Limed and fertilized plots at Florence, S. C.}

Lime treatment (per acre) I Plot Fertiiizer treatment

Noiime

{ 111,21,31 | No fertiifzer.

24 | 250 pounds dried hiood, 500 pounds acid
1,000 pounds burat i " phosphate, 83.3 pounds muriate of potash.
. ndshurnt me....c...occeecvoveans Nar
2,000 pounds ground {lmestone. . .. 18 No fertilizer. Resuits averaged.
1,000 ponnds burnt fime. ... .cooeoeoocoooo o 2

2,000 pounds ground {imestone. ... ccccene-n -

Same fertilizer treatment as on plot 24. Re-
suits averaged.

l,l;l;)t,s are numbered the same in the continuous-culture series for cotton as in the rotation series.
erage.
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In Table 47 is given a summary of the average yields of wheat, corn,
and oats grown in rotation on {imed and unlimed soil at Wooster,
Ohio, and of eotton at Florence, S. C., for the periods indicated. For
comparison, the yields of other crops, not ineluded in the study of
rotation values, are added; namely, those of elover and timothy on
the same Wooster plots, of oats, eorn, and peavine hay (cowpeas) on
the plots at Florence, and also the yields of eorn, oats, wheat, and hay
on the long-continued Pennsylvania plots (Hagerstown silt loam).
In the last right-hand column are given the absolute measures, in
bushels or pounds, of the increase in fertilizer efficiency due to the
alteration of the soil reaction as effeeted by liming. 0

TABLE 47.—Effect of liming on the efficiency of fertilizers

| | Increase

t Fertllizer t ‘Average;‘\lvled"g‘l ‘lgm"e?ﬂ%
ertilizer treatment | yield perilncrease i
Crop Period of I (crops grown In| UBitsof |yleld per/J 20 BAriTere to | Glency
test rotation Fasene (aotd sl 5ame soil| {iming a]d! “°t‘°“
l | 1lmed i ? soll
{ ] | of 8o
| x’react!on‘
Wheat (Woost.er).' 1906—1918(13' Complete chemical Bushels...l 3.7 32.2 0.5 0.0
| years), fortilizer.!
i A8 T I ) (A Pt 25.1 26.8 L7 .0
Corn (Wooster)...‘ 1000-1918 (19| Compiete chemical |._.do....... 48,9 54. 8 56 1.4
| years), | fertilizer.
Menge.. .. 5. g0 d0.0.2.00 4.2 48.9 4.7 .6
Oats (Wooster).._| 1801 and | Complete chemical |...do....... 52.8 53.2 0.4 | ¥
1005-1918 fertilizer.
(15 years). | Manure........_._.|._. dec...... 41.9 44.0 21 .0
Cotton  (Soutb | 1014-1019 6 | Complete chemical Pom:lds...l 1,928 1,920 4.0 68
Carolina). ears), fertilizer.
Clover (Waoster) . 19&}-1918 (e]..... P . Moo kil d0aeaaa.. 2,496 3,320 824 101
yoars), Mantre. ......__.._|... do.l o7 | 2248| 3,011 785 | 118
Timotby (Woos- = 1906-1012 (13| Complete cbemical |...do....... 3,117 4,095 978 109
ter). years). fertiiizer. \
» Manuve, .._._..._... 1 0. o | 3,208 4,433 1,228 256
Oats (South Caro-| 1914-1919. . __ Complete chemical | Busbels...| 60.4 00.0 —-0.4 .0
{ins). | | fertifizer.
Corn (South Cas- |......40nccs... eencdnrr e l.ido......| sus| ses| ao] ¥y
olina). |
Peavine Bay |.. _.do.......| Coniplete chemical | Pounds...| 2,473 2,434 —30.0 | .0
(Soutb Carolina) fertilizer.
Corn  (Pennsyl- 1882—1921....| Manure (6 tons per Bushels...l 56.3 62.6 6.2 5.2
vania), acre) b
Oats  (Pennsyl- |..... do.......| Manure (residual |...do....... 42.1 43.7 16 23
vania), | | _ eflects.
Wheat (Pennsyl- |__... do.......| Manure (6 tons per |...do....... 8.8 .8 .0 ‘ .0
vania), acre). . -
Hay = (Pennsyl- |...._do....... Manure  (residual | Ponnds.... 3,804 | 4,223 a9 | o7s
vania). effocts). [ \

! See Tables 20 and 48 for piots and fertilizer treatments at Wooster and Florence.
t' Yietds for liming period at Wooster calcuiated from Tables 31 and 33; for cotton, Bull. 209, 8. C. Exper.

8., D. 4.
’ Frﬁ' Ohio yields, Buil. 336 Ohio Exper. Sta. p. 599601,

D
¢ Caicuiated from resuits publisbed in bulletins to which reference bas been made.
! Buil. 175, Pa. Exper. Sta., p.9. Plots inciuded are: Averagel, 8, 14, 24, and 36, check plots; 16, manure
but no iime; 23, burnt {ime but no manure; 22, manure and burnt lime,

Two important facts are brought out in the results given in Table
47: (1) Tlgough the yield of a nonleguminous crop fertilized and
own in rotation may average larger on an acid ssoilp whose reaction
gsrxs been altered by liming than on the same soil unlimed, the greater
ield may not at all be due to any inerease in the efficieney of the
Ertilizer as may have been effceted by the alteration or change of
the soil reaction; (2) under similar eon itions, as described under (1) y
only a portion of the inerease in yield may be due to increased effi-
cieney of the fertilizer used.

. . & S

—
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These differences in the relation of crop yields to fertilizer results
are determined by the interaction of three factors: Fertilizer, crop,
and crop rotation.

Whether or not a fertilizer will produce higher results on an acid
soil when its reaction has been altered by liming depends in a large -
measure on the chemical character of the fertilizer. Iixperimental
data show that (1) for most farm crops, the highest efficiency of an
acidic fertilizer is effected on a nonacid soil or on an acid soil that has
been limed; (2) under the same soil conditions, a basic fertilizer
usually gives the best, or at least as good results without liming.
These two points are strikingly illustrated by the results obtained on
rotation plots 24 and 29 in the long-time liming tests conducted at
Wooster, Ohio, as shown in Table 48.

TABLE 48.—Relation of fertilizer efficiency to change in soil reaction as affected by
liming, Wooster, Ohio

Averago | Averago lnc;gme
A yield | yleld | 4. onea
Plot Crop Fertllizer composition 2l per:acro | ‘per acre in
| measnre ' or:o acid ox:o nﬁdd fertilizer
- » U effl-

| unlimed | limed clency !

R A L
Acldic compound
24 | Corn......... Ammonlum suiphate, acid phoe- | Bushels_ ... 45,79 88.35 +3. 52
phate, and muriate of potash.
0, L0 S “O e BOE . o L oo P S e T e Ssfeman do. 51.46 5. 64 —2.98
Wheat.. P T T N S S NS, TN S d0:s sl #2441 30. 63 +1.33
Clover.... . T Pounds.....| 1,98 3,374 4801, 00
Timothy.....|..... 7Y A P SRS ¥ Y, = L e de. 2% i 2,740 4,365 4712, 00
Basic compound |
! Chn..oi. ... Nitrate of soda, basic slag, and | Bushels..... 45,88 51,16 ~0.13
muriate of potash.

OMBL .o oonnafessss (o2 e S e SR Y, N 50, 67 50.39 | —4, 68
Wheat. ...... leatt § : r 20. 35 28.76 —4.00
Clover. ......lc.... --| 3823 38,221 136, 00
t d 3,384 4,107 -00. 00

I Timothy.

t Calculated from data given In tho bulletins to which referonce has been mado.

Attention is called to the behavior of the oat crop, which, under
the conditions of the Wooster experiinents, seems to favor acid condi-
tions, and thus has not been benefited by liming. Furthermore, the
oat plant commonly shows a preference for ammonium salts, ¥rob-
ably because of its ability to utilize nitrogen in ammonia form.
Corn also exhibits the same assimilation abiTit,y (7, p. 179).

When, in a long-continued cropping system, an alteration or change
of the soil reaction by limin% does not effect a greater fertilizer efli-
ciency, even though the yield of a crop is larger because of the lim-
ing, particularly when the crop shows but little or no response to a
direct application of lime, it becomes plainly evident that crop rota-
tion is tﬁe factor which assumes the greatest prominence in'the
maintenance of soil productivity under liming conditions. It is pos-
sible to evaluate crop rotation under these conditions only when ex-
perimental data present comparable yields both in rotation and in
continuous culture. The only experimental data so far published
that are in harmony with these conditions are those on the first
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four crops mentioned in Table 47, which are described in the fore-
going paragraphs. :

In Table 49 are given the analyses of the average yields of these
four crops for the periods indicated in Table 47, when rotation and
the use of fertilizers are practiced independently of each other.

TaBLE 49.—The comparative effects of crop rotation and of the use of fertilizers on
the yields of crops on limed and unlimed soils

[Rotation and the use of fertillzers practlced separately}

Relatlve
valae of
lnerease | rotation,
Average | over check ! ascom-
Crop Cultural condltions yleld per plotin | pared with
acre continuous | fertilizers,
culture in effect-

Ing larger
ylelds
Wheat (Wooster) | Limed: t | Bushels
Rotatlon without use of chemical fertillzer. . 16.0
Rotation without use of manure._..._....... 16.2
nlimed:
Rotatlon wlthout use of chemlecal fertillzer. . .1
Use of chemical fertilizer without rotation... 20.5
No rotation and no fertitizer................._ 7.2
Rotation without the use of manure......... 14.2
Use of manure without rotation........__.__ 18.9
No rotation and nomanure._ . _........_..... 7.9

Corn (Wooster).. Ll

med:
Rotatlon without use of chemlcal fertilizer..
Rotatlon without use of manure...___.......
Unlimed:

Rotation without use of chemicai fertilizer. .
Use of chemical fertilizer without manure. . .
No rotation and no fertiiizer

Use of manure without rotation.._
No rotatlon and no manure
Oats (Wooster)...| Limed:
Rotation without use of chemleal fertilizer. .
Rotatlon without use of manure
Unlimed:
Rotation without use of chemleal fertilizer. .
Use of chemical fertillzer without rotation. ..
No rotatlon and no fertilizer

OO

O -

Use of manure without rotation
No rotation and no manure. . ...

SESEIR BE o¥RsER 22

W OO wW

Cotton (South | Llmed: Pounds

Carolina,) Rotation without use of chemical fertiilzer. . 1,584
Use of chemical fertiilzer without rotatlon___ 1, 860

No rotation and no fertilizer.........._.._._. 1,218

Unlimed:

Rotations .. 1 L0 80EC o8 N s W00 1,048

Use of chemical fertlilzer without rotatlon 1,877

1,289

No rotation and no (ertiiizer..«-.........::|

1 No llme s applied to the plots In continuous culture at Wooster.

The data in Table 50 show that the yiclds of wheat, corn, and oats
are higher on the limed than on the unlimed soils. Cotton has not
responded to liming. Altering the soil reaction has caused a decline
in the relative value of rotation in the case of cotton. The absence
of liming tests in continuous culture makes it impossible to deter-
mine the relative values of rotation in case of wheat, corn, and oats,
under conditions when rotation and the use of fertilizers are prac-
ticed %Part from each other.

In Table 50 are summarized the data on the yields when rotation
and the use of fertilizers are conjoined.
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TasLE 50.—Comparison of relative values of rotation (R) and of the additive effects
of conjoining rotation and the use of fertilizers on limed and unlimed soils

[quster. Ohio, and Fiorence, 8. C.)

Crop

Cnitural conditions

Wheat (Wooster)

Corn (Wooster)..

Osats (Wooster)..| Limed: g
Rotation and use of chemical

1 Yieids are for uniimed piots in continuous cuiture.

Limed: -
Rotation and use of chemical
fertilizer.
Rotation without chemical
fertilizer.
Use of ehemical fertilizer
withont rotation.
Rotationand use of manure..
Rotation withont manure...
Use of mannre without rota-
tion,
Unlimed:
Rotation and use of chemical
fertitizer.
Rotation without ehemical
fertilizer.
Use of chemicai fertiiizer
without rotation.
Rotation and nse of manure.
Rotation without manure. ..
Use of manure without rota-
tion.
Limed:
Rotation and use of chemicai
tertilizer.
Rotation withont chemical
fertilizer.
Use of chemicai fertifizer
without rotation.
Rotation and use of manure.
Rotation without manure....
Use of mannre withont rota-
tion.
Unlimed:
Rotation and use of ehemical

fertilizer.

Rotation withont chemical
fertilizer.

Use of ehemical fertilizer
without rotation.

Rotation and use of manure..

Rotation without manure. ..

U:le of manure without rota-
en.

fertiiizer.
Rotation withont chemical
fertilizer.
Use of ehemieal fertilizer
without rotation.
Rotation and use of manure.
Rotation without manure...
Use of mantire without rota-

Rotation and use of chemical
fertilizer.

Average
yieid
per acre

Values for
Rand F

Reia-
tive
value
of R

Sum of
increase
sffected
by rota-
tion and
use of
fertiiizer|
when
TAC-
feed
sepa-
ratel
(r+

Additive effects
of rotation and
use of fertilizers

Aetuai
increase
effected
hy con-
Joining
rotation
and use
of ferti-
{izers

8.2
35.1
131.9
4.0

35. 8
128.4

528

Bushels
2 1.7

16.2

Bushels | Per cent
72.2

Bushels
2.1

4.8 22,0
16.2 17.2
15.8 18.1
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TaBLE 50.—Comparison of relative values of rotation (B) and of the additive effects
of conjoining rotation and the use of fertilizers on limed and unlimed soils—Con.

Values for Additive eflects
2 of rotatlon and
R and F use of fertilizers

Sum of
increase i

Rela- | effected | Actual

E s i tive [b
3 y rota- | Increase
Crop Cuitural conditions peyx!‘;]gr . value | tion and| eflected
of £ | useof | by con-
. F fertillzer| Joining

when |rotation
prac- | and use
ticed | of ferti-
sepa- lizers
ratel

i (r+.

{
Oats (Wooster)..| Unlimed—Continued. Bushels | Bushels| Bushels, Per cent| Bushels ! Bushels
Rotatlon without chemical 33 [ o S =
fertlilzer. l ‘| |
Use of chemical fertilizer AR TR (e I O pgpyied L b ol B ] Lo
without rotatlon. I
Rotation and use of manure.|
Rotation without mannre...
Use of manure without rota-

tion.
Cotton (South | Limed:
Carolina). Rotation and use of chemical
fertitlzer. |
Rotatiou without chemical
fertitizer.
Use of chemical fertillzer | 2 I at
without rotatiou.
Unlimed: |
Rotationand use of ehemieal | 1,925 8! 2771 M7 638
fertitizer. l
Rotation without chemical
fertilizer.
Use of chemleal fertilizer 1587 e o8,
without rotation.

Pounds | Pounds
i, 014 714

For the want of liming tests in the continuous-culture series at
Wooster, the yields on the unlimed plots of the same series are used
in evaluating rotation and the use of fertilizers on the limed plots in
rotation. In doing so it is assumed that direct applications of lime
on wheat, corn, and oats when grown in continuous culture produce
no positive results. In as much as these three crops are tolerant of
soil acidity, and for this reason show but little or no response to lim-
ing, the yields obtained on the unlimed plots in continuous culture
can not deviate very much from the results if said plots were limed (5).

Because the comparable average yields are for different periods, the
relative values for crop rotation in the Wooster experiments as given
in Table 50 are higher than the corresponding values given in Table 35.

In comparing the results obtained under limed and unlimed condi-
tions, as summarized in Table 50, it is to be noted that when the soil
reaction is altered or changed by liming both the average absolute
and relative values for rotation (Ig) have been increased—the average
increase in the relative value, including all crops and fertilizers, being
23.0 per cent. These increases in the effectiveness of rotation due to
liming are also reflected in the conjoint effects of rotation and the
use of fertilizers, as‘indicated by the comparative values given in the
last two subcolumns of the table.
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The results of the long-continued liming tests herein recorded are
few in number and hence inadequate in forming the basis of a general
statement or pnncngle; yot from a study of the data as summarized
in Tables 47, 49, an especially 50, it would seem that, under the con-
ditions of these experiments, the liming problem, with respect to
productivity maintenance, is (f)rimaril a clover-rotation problem, and
that the increases in the yields of such crops as wheat, corn, and oats

by 76
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CHEMICAL- FERTILIZER SERUES MANUCE SERIES
BERP7L L 177400 T ROTATION AND FERTIIZER -
E=S e cesosreo 7o ceor eorsrron
Mlesw cesorreo ro crermcar Aceriizer
- (e cecorree 70 ravvrE

F10. 7.—~Chart visualizing the effects of soll resction on the effectiveness of rotation and the use
of fertilizer, as Indicated hy the yields of wheat at Wooster, Ohfo. The plot numbers are given
below each bar. L Indicates the plots recelving lime. The horizontal-vertical crosshatching
in each of the last two hars In the chemical-fertilizer series Indicates (e) how much greater the
actoal increase effected hy conjoining rotation and the use of fertilizer is than the sum of thelr
&mu I'n‘g:mu. and (b} the unallocated | ncrease effected by the Interaction of rotation and

. ol zer

which may result when soil acidity is reduced or neutralized are due
to indirect effects of liming.

. In Figures 7, 8, 9, and 10 are visualized the results of the long-time
iming tests herein described. In each case it is shown what propor-
tion of the yield is credited to cultivation alone, the increase in yield
effected by combining rotation or the use of fertilizers with cultiva-
tion, and the increase effected over cultivation by conjoining rotation
and the use of fertilizers.
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Fi1G. 8.—Chart show(ng the effects of soil reactien on the efficlency of rotation and the use of fer-
tilizers, as Indieated by the ylelds of corn at Wooster, Ohio. The plot numbers are given below
the hars. L Indicates the piots receiving lime. The unhachured space in each of the last two
bars of the chemical-fertilizer serles Indicates how much greater the additive effects of conjoining
rotation and the use of fertilizer are than the sum of the eflects resulting when the two practices
are acting independently of each other; or It may indicate to what extent the values of R and F
averlap. The unhachured space In each of the last two hars In the manuro serles indicates to

what extent the cenjoint effects of rotation and the use of manure fall short of being fully additive.
(Compare with Tahles 40 and 50.)
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bars.

cuitivation alone, the {ncreasa effoct

L {ndicates tha plots receiving lime. ‘I'his shows what portion of each yleld is credited to
eg when to cultivation is sdded rotation or tha use of lertilizers

and tha total ncrasse resulting when to cultivation are added the conjoint effects of rotation and
tha use of fert!lizers. (Compareé with data {n Tables 49 and 50.) .
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SUMMARY OF RELATIVE VALUES OF CROP ROTATION AND OF CON-

JOINT EFFECTS OF

ROTATION AND THE USE OF FERTILIZERS

A summary of the results thus far considered is given in Table 51.

In studying the content of this table the following

points are to be

kept in mind: (1) All evaluations for rotation and the use of fertilizers
are based on the increases in yields over cultivation alone or check

plot in continuous culture; (2) relative values for

LAz

yE

VS DS FEE _AOPE IN POLNDS OF SEED COTTOWN
o,

T W 1218 2% 2329 24 22T
I/ L L L

Ym WITHXST #0708

X523 AND FERTILIZERS
NGI/N CRED/TEL 70

NN Ceas eorsr/on

2 N CREDITED 70

CHEMCAL FERTILIZERS

F1a. 10,~—Chart showing the effects of soil re-
action on the efficlency of erop rotation and
the use of chemical fertilizer, as indicated hy
the yields of cotton at Fiorence, 8. C. The

lot numbers are indicated bencath ths bars.

indicates the piots receiving lime. The
unhachured space in each of the last two hars
indicates the interactive effeets of rotation
and the use of fertilizer when one practice i3
conjoined with the other; and it shows also
how much less the increase effected hy the
comhined etfects of rotation and fortilizers is
than the sum of the gains resuiting when
rotation and the use of feritlzers are prac-
ticed independently of each other. (Com-
pare with data in Tables 49 and 50.)

lizers, is about 73 per cent as e
added to cultivation and rotatio

(3) In general, erop rotation

from the cheek-plot yields

rotation are based
on the effectiveness of chemical
fertilizer or stable manure; (3) the
relative values for rotation given in
the upper half of the table are for
small r—that is, the efficiency of
rotation as measured in terms o? the
offectiveness of the use of fertilizers
when practiced independently of
each other; and (4) the relative val-
ues for rotation given in the lower
half of the table are for capital B —
that is, the effectiveness of rotation
when conjoined with the use of for-
tilizer as measured in terms of the
effectiveness of the use of fertilizer
when conjoined with rotation.

The relative values for rotation
are arranged in two subcolumns.
In one are given the values ob-
tained under acid-soil conditions,
and in the other the results ob-
tained under nonacid-soil condi-
tions or where the soil reaction has
been altered or changed by liming.
In the last two subcolumns are
given the figures showing the addi-
tive offects of rotation and the use
of fertilizers when conjoined.

On tho basis of the average results
of these experiments, the following
summarizing statements may be
made:

(1) Including all crops and allsoils
indieated, crop rotation without the
use of fertilizers is 77.7 per cent as
effieient as the use of fertilizers with-
out rotation in effecting increases in
erop yields over cultivation alone.

: (g) Crop rotation, when added
to eultivation and the use of ferti-

fficient asthe use of fertilizers when
n, in effecting increases in crop yields.
is
as the use of fertilizer in effecting

 practically 75 per cent as efficient
increases In crop yields as measured

in eontinuous culture.
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(4) In general, crop rotation is nearly 90 per cent as efficient as
the use of fertilizer in effecting increases in the yields of wheat, corn,
and eats, above check-plot yieids in continuous culture.

(5) Considering values based on comparable results, the average
relative valuo of erop rotation is higher when it is based on the effec-
tiveness of stable manure than when based on the use of chemical
fertilizors—being 67 per cent greater under conditions when rotation
and the use of fertilizer are practiced apart from each other and nearly
58 per cent greater under conditions when one practice is conjoined
with the other. This indicates that larger increases in crop yields
have been effected by the applications of chemical fertilizer made on
the experimental plots than by the applications of manure.

(6) Excluding clover, timot{ , and cowpeas, the average relative
value of rotation is practically 20 per cent higher on soils whose
reactions have been altered or changed by liming, than on acid soils.

(7) Except in case of barley at Rothamsted, the conjoint effects
of retation and the use of fertilizers are additive—being often more
than fully additive.

VALUE OF CROP ROTATION AND OF THE USE OF FERTILIZERS IN
MAINTAINING AND INCREASING SOIL PRODUCTIVITY

Thus far in this study, crop-rotation values have been calculated
frem the differences in yields obtained on fortilized and unfertilized
plets in continuous culture and in rotation—in each case the increases
ever the yields in continuous culture being the basis for caleulation.
The discussion which follows is of rotation and fertilizer values con-
sidered from the points’of view of maintaining and increasing soil
praductivity under the conditions of the same experiments described
n foregoing paragraphs. ¢ e

This second method, as stated before, necessitates the determininﬁ
of the natural producing power of the soil at the beginning of eac
ex];()crimont, which is termod the maintenance yield., - This yield is
taken as the basis from which are calculated the values for crop rota-
tion and the use of fertilizers in maintaining and increasing soil
preductivity.

It was thought best to determine the maintenance yield in each case
bg taking the 5-year average at the beginning of the test or before
the experiment was begun.

MAINTAINING SOIL PRODUCTIVITY

In Table 52 are summarized the data concerning the relative value
of crep rotation in maintaining soil produetivity, as based on the data
given in the foregoing tables. In the fifth column are given, in each
case, the years selected for the 5-year average—these being considered
the best that ean be obtained from the data given in the publications
Freviously referred to. The South Carolina experiments are omitted

rom the table, because they cover only a short period; and the experi-

ments on tobacco at Germantown, Ohio, are omitted because the
annual yields at the beginning of the experiment do not appear to
have been published.
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TasLe 52.—Relative value of crop rotation in maintaining soil produclivity

7 1 = T T
Average yleld at 1 Rela.
beginning of test— | { m-:
maintenance yleld value

for crop-
Porlod of Aver: hlr: 2

rlod o . - D, as
e L on LA ol o
men 2 yle pare

Crop Statlon Klnd %‘sé‘g"m“' covered Five ‘{‘;ll,g_ for uso | ‘wlth
bystudy | Years’ of fer- | fertl.

(Yoars solected |average t:]uon tlizer | fizers,
ineluslve) | for 5-year |mainte-

alone ln

\ average | nance | maln-
| yleld taining

soll
produc--

| tvity

. e ST e R 1. ,ul ]
Bmhcb’BuMch Bushels | Per cent:
Wheat...| Rothamsted..| Chemical fertllizer...| 1851-1921 | 1846-1850 17.8 241 2.6 102.2
R ol M -G 0 L E L 1805-1018 [11880-1804 | 14.3 | 228 | 27.6 826
oumbla, Mot M anure. .. i .ooomn 1805-1918 | 18801804 | 14.2{ 201 201 | 1000
Wooster, Ohlo |{ Chemlcal fertilizer...| 1899-1018 | 1894-1388 | 10.8 | 120| 19.7| 60.9
Consen;. NSl N Manwikes . 2w .. Lo 1809-1918 | 1894-1808 | 10.1 ' 121 1747 1268
Corn..... Columbhls, Mo.|--..-G0au.neeemnnn_ | 18941018 | 1889-1893 gg %2 32 | 'l;&.?
Wooster, Oblo {Manure. ;| el Wzl 043
Urbana, Ill....| Phosphatesand ma- | 1904-1916 | 1899-1008 | 41.6 | 5L2 L 326 Y151.1
e nare. 1 "

Oats..... Columhia, Mo.| Manure............. 1805-1018 {11880-1894 | 23.6 | 29| 34.3| 845
Wooster, Ohlo |{Chemical fertilizer...| 18001918 | 1894-1808 | 27.8 | 322 | 8.8 83,0
g Aanufe I T8, 41N 1800-1018 | 1894-1808 | 2.4 | 323 2.6 1001
Barley...| Rotbanisted. .| Chemiloal fortilizer...| 1857-1921 | 1852-1856 ro[ zn.o‘ 420 4500

1 Yleld for 1 year is omitted, and 1 year the crop failed.

1 Average Yleld on check plot In continuous culture is 13.3 hushels.
1 Average yleld on check plot In continuous culture is 23.4 hushels.
‘Average yleld on check plot In continuous culture Is 14.1 hushels.

In the table it is to be noted that, under the conditions of the
oxperiments considered, crop rotation without the use of fertilizer
maintained the producing power of the soil, except in the case of corn
at Wooster and of barley at Rothamsted, and the use of fertilizer
without rotation maintained the producing power of the soil, except.
in the case of corn at Urbana.
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INCREASING SOIL PRODUCTIVITY -

In Table 53 is given a summary of data calculated from previous
tables, showing the relative value for crop rotation (r) and the
conjoint effects of rotation and the use of fertilizers in increasing
soil productivity. ;

TavLe 53.—Relative value of rotation (r) and the conjoint effects of rotation and the
use of fertilizers in tncreasing soil productivity

- I- | 1 . = F TR
| | Inereass | in | Additive effocts
| | 1]11''mllthﬂl.lrh.J.- | of rotation and

over malnte | | use of fertilizers
| DR er | o -
by— | Rieln- | . .
T tive | um of
| value | A:%" incrensel , .\ 0
ifor rota-| hﬁd of pro- |0
tion (r)f Ty lqyctiv.
[ as com-| 7Ot [y ap | in pro-
| Maln- | tion loztod ductlv.
Crop Btation Kind of lertilizer | tonance with | (COR= | ot ity ef-
| yiold | Joined | % fected
forti- with tation by con.
i Rats- | Use of [Hzersin of [nnd use ]%lnt
| tho | Ierth | increas.! fortl- | Of fer- | i
| | | lawr | ing soll Hzer tiiizer of rdta-
| produc- when tion
| | tivity | prace |4 use
| | - :L‘x_ of fer-
ratel titizer
- (r+
' | . Bush- Per |
Bushels| ‘ele | Bushelsi cent |Bushels|Rushels| Bushels
Wheat...| Rothamsted..|{ Chemical fertilizer. 17.8 66 a1 108 2 323 127 15.0
C%umbh. ..... CIR P 14.2 8.6 13.4 64.2 32.8 2.0 18.3
0.
o ol Chemaat ttizers| 3| b3 kgl vee| mo| umal s
Am ertilizer. 0. a X i
Viooster, Oblo. \ Xienare.. .. .oo <fose1| 2ol 7ol 26| a7l w0l 1re
Corn.... Cg:nmbla. ..... Re < §) 55 03 ...... 48.9 58 18.4
0.
Chemlcal fertilizer.| 20.0| =26 Sk P meraa, 47.9 28 18.9
Wooster, Oblo. {Manura. ........... wiat=ael el 8| 04| 168
IMlnots. ........ Phosphate and 41.6 9.6 —=0.01........ 67.6 0.6 2.0
manure. .
Oats..... Cg{lumbl., Manure. ............ 2.6 5.3 10.6 50.0 37.8 18.9 13.9
Mo.
Chemieal fertDizer.| 27.8 4.4 1.0 40.0 53.2 15.4 25.4
- Wooster, Ohlo.{ irenures.. ... o B4 30| 13| 3:wo| 13| &1| 120
Barley...| Rothamsted...| Chemical fertilizar.| 27.4 | —6.4 )8 35.0 8.2 7.6
2 - o

! Increases above malntenance yleld effected by rotation and the use of fertilizer when practiced inde-
pendently of each other,

It is to be observed that, in 8 of the 13 experiments listed, the
use of chemical fertilizer or manure, when practiced in the absence of
Totation, is more effectivc in increasing productivity than rotation
alone; and in 5 cases the effectiveness of rotation is equal to or greater
than that of the use of fertilizer. And further, in all cases, except
the barley test, the conjoint effects of rotation and the use of fertilizer
are additive in increasing soil fertility—in 10 of the experiments the
effects being more than fully additive.
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EFFECT OF SOIL REACTION ON ROTATION AND USE OF FERTILIZERS

It may be of interest to summarize the offects of soil reaction on
the conjoint action of rotation and the use of fertilizer in increasing
fortility. In such a study only the results obtained on wheat, corn,

and oats at Wooster are available. This summary is given in Table
54. ¥

Tanue 54.—Efect of soil reaction on the conjoint effect of rotation and of the use of
Jertilizers in increasing soil productivity, Wooster, Ohio

LIMED S01L

Additive offects of
Maintenance yield rotation and use
! of fertiiizers

Avorage Sum of In»l
creases i

Period of | “yleld n|Actual in-

experi- rotation | produc- ‘gmlg'

Crop Kind of fertilizer used mont Years con, olned1 tivity ef- tivity of-
covered hy solected with use [fected by fected h

x study s S-year | of ferti- | rotation conlolnty
5-yoar average fizer and use of action of

| average! 'ﬂ?g:;“ rotation

| | practiced | 824 use

separately| po . ijjsor

s @+

Bushels | Bushels | Bushels | Bushels
88 82.2 2.7

.

Wheat..._|( Chemical fertilizer. _... 1900-1918 | 1901190 2. 19.8
=\ Manuse... ... v y- 1906-118 | 1601-1008 9.1( 208 107 1.7
Com. . |{Chemical fortiiizer_ "7 27777l 1000-1918 | 1805189 | 0.6 | 545 60 28
----- (Manute.............. 1T 1000-1918 18061900 | 13| 4D 8 217
Oata......._| Obemical fertitizer. . ... 105 o1s 1900-1904 | 19,8 53.2! u.0 3.7
Manugell .05 20, 10051018 11000-1904 m.oi “o| s 2.4

Wheat Chemieal fertilizer.......... 1006-1918 | 100i-1908 KA 3.7 17,6 2.3

O8F-oe-\Mantre___.._.. emecamann-| 1006~1018 | 1901-1005 0 251 .9 16.0

Corn Chemical fortliizer, ! 1900-1918 | 1895-1809 o 48,9 1.4 19.3

ccesi\Manigelt . WASN TH U7 100019018 | 1805-1809 | 1.3 4.2 | 0.6 17.0

Oats......| Chemical fertilizer-. . ........ {io0ooions J1000-1904 | 1ms|  s28| 313 3.3
TR |

MBDUTS....c.oanneneenens{{ o ap1g |11000-1904 S T B
1

1 b-year average based on yields given in Tables 30 and 32,

Here it is to be observed that only in the case of corn does lime
effect an increase exceeding 3 bushels per acre from the conjoint
action of rotation and the use of fertilizer. However, it may be
concluded that changing or altering the soil reaction by liming
tends to increase the conjoint effectiveness of rotation and fertilizers.

GENERAL DISCUSSION

Two methods have been employed in evaluating the effectiveness
of rotation in crop production, and in determining the additive
effccts of rotation and the use of fertilizers when these two farm
practices are conjoined. Although in one method the evaluations
are based on the increases over the yiclds obtained on check plots
in continuous culture and in rotation, and in the second method,
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on tho increases over the maintenance yield, or the average yield
obtained at the beginning of the experiments, yet the genoral results
as regards the value of rotation in relation to soil productivity all
point in the same direction.

Tho ovaluation of crop rotation as calculated from the maintenance
yield.seems to be the more logical and scientific methiod, especially
from the point of viow of maintaining and increasing the produeing
power of the soil. However, in determining the values for rotation
and the use of fertilizer when one practice is combined with the
other, or in determining the relative value of R, the first method
referred to above has been found to be very useful.

Taking all the results into consideration, as based on thie average
results of the published cdata of the long-time fertility experiments
herein considered, the following important facts as regards tho value
of erop rotation have been brought out:

(1) Rotation of cr?rs is practically 75 per cent as effective as the
use of fertilizer in effecting increases in crop yields—being nearly
90 per cent as effective as tho use of fertilizer when the results on
wheat, corn, and oats, only, are considered.

(2) As based on the average yields at the beginning of the experi-
ments involving fully comparable yields, rotation_has been shown
to be 91.5 per cent as effective as the use of fertilizer in maintaining
the producing power of the soil.

(35J In inereasing soil productivity, the effects of rotation alone
may equal or exceed the effects of the use of fertilizer without rotation.

(4) The effects of rotation and the use of fertilizer apparently are
not the same, as is shown by the fact that their conjoint effects on
crop yields are additive—being more than fully additive in most of
the cases considered.

(5) In permanent crop production, high productivity levels are
possible only when rotation and the use of fertilizer are conjoined.

It is not the object of this study to emphasize primarily the
important place that fertilizers assume in permanent soil productivity,
the value of which is fully recognized; but rather to stress the im-
portanee of crop rotation in refo.tion to profitable crop production
and to show the necessity of conjoining rotation and the use of ferti-
lizers in the establishment of permanent agriculture. No attempt
will be made in this discussion to formulate any rules for the use of
fertilizers for greater efficiency; but attention is directed (1) to some
of tho eonditions under which these experiments are condueted;
(2) to a reasonable interpretation of the above facts in relation to
the Nation’s food-production problem; and (3) to a practical appli-
cation of the principles involved to efficient and profitable soil
management.

In all the fertility tests included in this study the experimental
plans are rigid or fixed, there being no modification whatever in
the rotation involved in any particular experiment, and but little
or no alteration is made in tim fertilizers alpplied. Of course, in the
long-continued fertility tests, rigidity of plans is generally aceepted
a8 necessary; but in practical exporience tho farmer usually adopts
more or less flexible plans. He may alter or even change the rota-
tion, if necessary, or he may vary the fertilizer treatment to better
meet the soil and crop requirements, or he may lime the soil onl
when crop or soil conditions indicate the necessity of liming.

a
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study of the soil-management mothiods practiced by successful and
leading farmers, espeoeially in the older farming sections, elearly
shows that the maintenance of soil productivity is accomplished
most cfficiently, not by rigid or fixed systems of cropping, fertilizing,
and liming, but by systems that are more or less flexible. In rational
farming, soil, crop, topographic and economic conditions on prob-
ably the majority of farms compel variations in rotations and in
the use of soil-improvement materials. In faet, because of these
conditions, there are only a comparatively few farms, taking the
country at large, which can be suecessfully divided into a certain
number of fields or cropping units to accommodate a single, fixed
rotation.® This is quite evident, for uniformity of soil as regards
kind or producing power is rather unusual. A rotation best suited for
a field of low-producing sand is seldom suited to a field of productive
silt loam; a hillside field subject to soil erosion calls for a different
management as regards rotation than a field on a flat area; and so on.
_ The primary question that confronts a practieal farmer who farms
more or less with livestock does not coneern rotation so much as it
does the acrcage of cro};l)s nocessary to best moet his feeding require-
ments. On the other hand, the truck grower is concerned primaril
with the question of the crops best suited to meet the market condi-
tions. In either case the cropping problem resolves itself into two

arts: (1) The growing of the desired erops in a manner, or in dif-

erent rotations, best suited to the soil and crop conditions, and,
(2) the dove—taiiing, so to speak, of the different rotations so as to
enable the farmer to realize annually the required acreage of each
crop he desires to grow.

I?l the light of economic and rational fertilizer practice, the apph-
cations of ehemical fertilizers made on the experimental plots are to
be regarded 'as hedvy or excessive, and the fertilizers in themselves
“unbalanced.” Nevertholess, the applications selected for compa-
rable yields havegiven, in the majority of cases, most favorable re-
sults. Over against the effects of these heavy applications have
been weighed tho effects of fixed rotations, whose effects in any
particular test can not be regarded as being determined by material
quantity, as in case of the fertilizers. 1

It is not possible to know with any degree of certainty what the
results would have been if, in some of the experiments, the rotation
had been altered or changed, or if in all the experiments the appliea-
tions of chemical fertilizer were modified to conform to the modern
idoas of fertilizer practice, which arc gencrally recognized as being
the moro scientific. . That such modifications, or breaks in the rigid-
ity of the experimental plans, would have resulted in higher average

1elds seems quite certain, for the higher averago yields obtained by
cading farmers carry considerable significance.

The average yield of wheat on the fertilized plot 2-C, in rotation
on the Agdell field at Rothamsted, for example, is 32.5 bushels,
while the average yield for England and Wales is 31.7 bushels (16,

. 66). 'This means that the average yield of wheat on many farms
in England and Wales must be much higher than that on the Agdell
field; and the chances are that these high yields are not obtained as

1 A fixed rotation may be deflned as a rotation in which the crops recur at regular intervals and which
occuples a fixed number of years; for example, a {our-year rotation of corn, oats, wheat, and clover.
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the result of any such rigid rotation and fertilization systems as are
practiced on the Agdell field.

This discussion of rotation assumes diversification in cropping.
‘Statistics show that cotton, corn, wheat, oats, and hay each occu-
‘pies more than 30,000,000 acres on American farms. Together these
Eve erops oceupy 87.5 per cent of the total crop area of the country
(17, p. £). It s out of the question to discuss the value of rotation
in relation to permanent productivity from the point of view of a
rotation that is suitable for all sections of the country, because it is
-evident that a 5-year rotation including the five major erops is im-
possible in a country so large and with such wide differences in
<climatic and agricultural conditions. Iowever, a study of the dis-
tribution of the important crops grown in the agricultural regions of
the United States, within the several States, and within smaller
-areas or districts, will show that flexible rotations ¢ are possible in
most sections or localitics or on most farms, the possible exceptions
being on specialized, 1-crop farms and in eertain dry-land farming
seetions where, because of seant rainfall, a change from a 1-crop
system, as from wheat and fallow, is pmctieaﬁy impossible or
-economically hazardous.

As regards chemical or commereial fertilizers, their use is beeoming
more and more general, this being the 'natural outcome as vi n,
arable soils are kept longer and longer under cultivation. The
richer the soil and the more skillful the farmer in his soil management,
the longer virgin soils can produce profitable crops without the use
of fertilizers. r%—listor shows, however, that sooner or later exhaustive
cropping brings the best of virgin soils to a point where the use of
manure or some other form of fertilizer becomes necessary for the
realization of profitable yiclds. i

In the light of this stu y it may well be assumed that on productive,
virgin soils a good rotation ‘may for years prove more effective in
mamntaining yields than manure or single, mixed, or even complete
commercial fertilizers. In time, however, the fertilizers. give more
-and more positive results, until they approach the effcetiveness of
rotation, 8s the experiments on corn at Urbana, Ill., seem to show.

Cultivation in fertility maintenance, ecspecially as rogards ‘tho
Preparation of ‘the seed bed, is gencrally reeognized as fundamental,
regardless of soil, climate, or economie conditions.

n this brief survey direeting attention to the general importance
of erop rotation, the use of fertilizers, and cultivation, it must be
recognized that on these three practices, mainly, the maintenance of
soil productivity generall depends. The relative importance of
each practice will necessarily vary on the various farms or soils, their
relative cfficiencies being determined by such factors as the quality
of the soil, the charaeter of the rotation, and the kind and quantity
of fertilizers used. When conditions are sueh as to cause cultivation,
Totation, and the use of fertilizer all to become positively effective,
the resultant yiclds may be regarded as consisting of three parts,
one portion representing the effectiveness of cultivation alone, a
8ccond portion to be eredited to the effects of rotation, and a third
portion representing the effectiveness of fertilizers. Thus, assuming

¢ A flexible rotation may be defined ad'a rotation in which different kinds of crops, sush as intertiiied
smali-grain, and hz‘x}' or fegume crops, foliow lq dofinite order as named, hut In which the number of years
of growlng the speclfic crops Is not fixed.
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a l-crop system of farming, the average crop yields of a farm or
community or of the whole country can be greatly inereased if to
cultivation is added crop rotation, and can be furtlier increased if to-
cultivation and rotation, in turn, is added the use of fertilizers.

If conditions were such as to make possible the application of so
simple a productivity program, the food-production problem of the
Nation would not prove a serious one for man years to come. The
general conditions as they exist, however, call for a very different.
11’}11tcrpre§ution or application of the facts brought forth as’a result of
this study.

Cultivation is gencrally practiced. Rotation of some description
is practiced by most farmers, though the rotation may consist in
merely a change of crops without any dcfinite system or an degree of
regularity. Manure, wherever it is produced, is usually ¢ isposed of
for the good of the land; and commercial fertilizers are coming more
and more into use, cither specially in single or incomplete forms to
correet certain soil deficiencies or to mect the requirements of special
crops, or generally in mixed or complete forms.

‘rom the point of view of the country at large, any increase in the-
average crop yields as effected by cultivation is possible only when a
gencral improvement is made in' tillage mcthods or practices. Such
cffects can be realized only to the extent that each individual farmer
masters the fundamental principles of tillage and studies his soils,
crops, and machinery so as to cnable him to make the proper appli-
cation of the tillage principles to the conditions on his flt)u'm through
the mcans at his command.

Farm manure and commercial fertilizers seem to be regarded as
possessing the greatest possibilitics with reference to maintaining
soil productivity and in cffecting increases in cr?lp yields. Judging
from the experiences of farmers who have used such materials as.
dung, seawced ashes, wood ashes, street refuse, and certain kinds of
marl during pre-Roman and Roman times, and from the profound
effects that manufactured or commercial fertilizers have had, since
1840, on the agriculture of the leading nations of the world, the basis.
for the recognition of great possibilities in fertilizers is well grounded.

Generally speaking, over against the groat possibilities of thie use
of fertilizers in maintaining and increasing soil }irodu(;tivit are to
be placed the possibilities of crop rotation, which have been found to
excecd very often those of the use of manure or chemical fertilizers.
Though it is true that most farmers alternato their crops in one
manner or another, the maximum effects of crop rotation certainly
are not reflected in the average crop yields of the agricultural regions
of the United States, or of the United States as a whole. There can
be little doubt that rotation can be made much more effcctive in
increasing as well as in muintaininl% crop yields, not only in scctions
in which fertilizer practices have become more or less permanently
established, but as well in sections in which commercial fertilizers
are sparingly used, or are still practieally unknown.

Sinee it has been found that rigid or fixed rotations are very often
more effective than the use of fertilizers in increasing the yields of
such crops as wheat, corn, and oats, it scems reasonable to assume that
properly planned, flexible rotations would prove even more effective
11} practical farming, both from the productivity and economic points
of view.
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GENERAL SUMMARY AND CONCLUSIONS

This bulletin reviews a study of the effects of crop rotation and tlie
use of fortilizers on the yields of crops, the primary objects being (1)
to determine some definito measure of the valuc of crop rotation in
crog production and (2) to compare the beneficial effects of rotation

ith those of tho use of manure and complote cheical fertilizers in
maintaining and increasing soil productivity.

The maintenance of soil fproductivity depends in a large measure on
three factors commonly referred to as farm practices: (1) Cultivation
of the soil, (2) rotation of crops, and (3) tho use of fortilizers.

Three methods of study are suggested. One is discarded because
of the assumptions involved; the other two  methods, which are
accopted, are fully explained (pp. 3-10).

Tho offects of crop rotation and the use of fertilizers on crop
ields, as determined by tho first meliod, in which evaluations are
ased on increases over the yields in continuous culture and rotation

alene, aro as follows:

Results of 72 years on wheat at Rothamsted, England, show that,
under the conditions of these experiments, erop rotation without
fertilizors is somewhat more effective than the use of a heavy agplicn-
tien of complete cliemical fertilizer; whereas, in case of barley,
rotation is a Fittlo less than 28 per cent as offective as the use of fer-
tilizer. And further, rotation, when added to the use of fertilizer, is
105.6 per cent as offoctive as the use of fertilizer when added to
rotation; in other words, the relative value of rotation is 105.6 per
cent. When rotation-and the use of fertilizer are conjoined, the
offects on the yields of wheat are somewhat less than fully additive;
in the caso of barley their conjoint effects are not additive (pp. 10-18).

Under the conditions of the experiment at Columbia, Mo., (results
fer 30 years), the relativo values of rotation alone, as based on the
eoffectiveness of the uso of fertilizer when practiced in the ‘absence
of rotation, are as follows: On whoat, corn, and oats, whon fertilized
with farm manure, 100 per cent, 102.7 per cent, and 53 per cent,
respectively; and on wheat fertilized with complete chemical fer-
tilizer, 54.7 per cent. When one practice is added to the other, the
relativo values for rotation in the manure series are as follows: Wheat,
100 per cent; corn, 103.9 por cent; and oats, 33.7 per cent; and on
wheat fertilized with chemical fertilizer, 36.4 per cont. When rotation
and the use of fertilizer are conjoined their combined effects on cro
yields in each case are somewhat less than fully additive (pp. 18-29).

The tests at Wooster, Ohio, as reported for 25 yoars, show the
relative values for rotation alone, as follows: On wheat, corn, and
oats in the chemical-fertilizer series, 31.5 per cent, 54.5 per cent, and
60.4 per cent, respectively; and on the same crops in the manure
series, 37 per cent, 83.1 per cont, and 123.7 per cent, respectively.

hen one practice is added to the other, the relative values for rota-
tien are as follows: On wheat, corn, and oats in the chemical-fertilizor
series, 50.5 per cent, 55.4 per cent, and 62.5 per cent, respectively,
and on the same crops in the manure series, 37.2 por cent, 80.8 por
cent, and 124.9 per cent, respectively. When rotation and the use of
fertilizers are conjoined the effects on crop yields are practically
fully additive, except in caso of the use of chemical fertilizer on wheat,
where the conjoint effocts are more than fully additive (pp. 29-38).
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Under the conditions of the 16-year tests on tobacco at German-
town, Ohio, crop rotation is from 12.5 per cent to 28.3 percent as.
effective as the use of chemical fertilizer and about 33 per cent as.
effective as the use of a 10-ton application of manure. When rota-
tion and the use of fertilizer are combined, their effects are somne-
what less than fully additive (pp. 38-39).

Under the conditions of the experiments on brown silt loam at
Urbana, IIL, results for 14 years show that crop rotation without.
fertilizer is 302.2 per cent as efficient as the combined use of manure,
phosphate, and lime without rotation in effecting increases in the
yield of corn (over check plot in continuous culture). When rota-
tion is added to the use oF fertilizers, the increase effected is 113.4
per cent greater than when the use of fertilizers is added to rota-
tion. When rotation and the use of fertilizers are conjoined their
combined effects in increasing the yield of corn are more than fully
additive (pp. 39-41).

The 6-year results on cotton at Florence, S. C., show that rotation
without fertilizers is 60.6 per cent as effective as the use of chemical
fertilizer without rotation. =~ When one practice is conjoined with the
other, rotation is only about 25 per cent as effective as the use of
fertilizer in effecting increases in yield. Under the conditions of
these experiments the combined effects of rotation and fertilizer are
less than fully additive (pp. 41-44).

The nature of the liming tests at Wooster, Ohio, and at Florence,
S. C., made it possible to study the effect of soil reaction on the effects
of crop rotation and the use of fertilizers in cffecting increases in the
yields of wheat, Indian corn, and oats (Wooster), and of cotton
(South Carolina). These experiments show that an alteration or
change in the soil reaction as effected by liming has increased the
absolute and relative values for rotation when conjoined with the
use of fertilizers—the average increase in the relative values over
unlimed conditions being 23 per eent. This increase in the relative
value for rotation due to liming is reflected in the increased additive
effects when, on limed soils, rotation and the use of fertilizers are
conjoined (pp. 44-54).

I} these long-time tests are typical of results showing the effects of
liming, it would seem that the liming problem is primarily a clover-
rotation problem (pp. 51-54). ,

Summary of foregoing results:

(1) Including all crops and all soils considered, erop rotation is
practically 75 per cent as efficient as the use of fertilizer in effecting
increases in crop yields.

(2) In general, crop rotation is nearly 90 per cent as efficient as
the use of fertilizer in cffecting inereases in the yields of wheat, corn,
and oats.

(3) Exeluding such crops as elover, timothy, and cowpeas. the
average relative effectiveness of rotation is practically 20 per cent
higher on soils whose reactions have been altered or changed by
liming, than on acid soils.

(4) ‘Except in case of barley at Rothamsted, the conjoint effects of
rotation and the use of fertilizers on crop yields are additive —being
often more than fully additive (pp. 55-56).

When rotation evaluations are based on the maintenance yields or
the average yields obtained at the beginning of the experiments accord-
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ing to the second method of study, results show that both crop rota-
tion without the use of fertilizers and the use of fortilizers without
rotation maintained the producing power of the soil, except in a
few cases (pp. 57-58). ‘

In 5 of the 13 experiments considered, croprotation without fertiliz-
ers is equally or more ecffective:than the use of fertilizer without
rotation in increasing soil J)roductivity. In the other 8 experiments
it is shown that the use of fertilizer is the more effective. = And fur-
ther, in all cases, except the barley experiment at Rothamsted, the
conjoint effects of rotation and the use of fertilizer are additive in
effecting increases in soil productivity—in 10 of the experiments the
effects f;eing more than fully additive (pp. 59-60).

The following facts concerning the value of crop rotation sum-
marize all the results arrived at from both methods of study:

(1) Rotation of crops, when practiced with and without the use
of fertilizer, averages 75 per cent as effective as the use of fertilizer,
in effecting increases in crop yields, or 90 per cent as effective
as fertilizors when the results on wheat, corn, and oats, only are
averaged. ; ’

(2) In most cases, as determined by the conditions of the experi-
ments considered, it has been found tzat rotation is 91.5 per cent as
e}flfectiﬁe as the use of fertilizer in maintaining the producing power of
the soil.

) In increasinﬁsoil productivity, as measured from the mainte-
nance yields, the effects of rotation alone have been found ,at times, to
equal or exceed the effects of the use of fertilizers.

(4) The conjoint effects of rotation and the use of fertilizers are
additive, as cffecting increases in yiclds over the check plots in con-
tinuous culture and rotation; or ‘as effecting increases in soil pro-
ductivitfr, when measured by increases above the maintenance yields.

(5) Altering or changing the acid reaction of a soil by liming
increases the relative cffectiveness of crop rotation. . - »

(6) On soils long under cultivation, highest yields are possible orly
when rotation of crops and the use of fertilizers are conjoined.

The above facts point to the following principles of permanent soil
productivity: ' ] :

(1) Crop rotation ‘is so important a farm practice, especially .in
maintaining and increasing the yields of cereal crops, that its effective-
ness may often equal or even exceed the effectiveness of the use of
complete chemical fertilizer or farm manure. '

(2) The conjoint effects of crop rotation and the use of fertilizers
are additive, as effecting increases in crop yields. )

(3) The relative efficiency of crop rotation is greater on soils
naturally supplied with lime or on soils whose reactions have been
altered or changed by liming than on soils that are acid in character.



68 BULLETIN 1377, U. S, DEPARTMENT OF AGRICULTURE

LITERATURE CITED

(1) Brackwery, C. P, and Buig, T. S.
S. C. Agri. Exper. Sta. Bull. 209.
(2) CoruMELLA, Lucrus Junius MoDERATUS.
Husbandry, in Twelve Books; and his book Concerning Trees,
English translation, London, 1745.
{3) GarpnER, F. D., NovLr, (l} F., and LEwis, R. D.
Pa,. A%. Exper. Sta. Bull. 175, 1922.
{4) Hary, A. D.
The Book of the Rothamsted Experiments, second editlon.
(5) HarrweLy, B, L, and Damow, S. C.
. s %gr Exper., Sta. Bull. 160.
(6) Horxkiwns, C, G., GARRETT, F. W., WrITCHURCH, J. E., and Farrwkorr, H. F.
Unlv. of Ill. Agr. Exper. Sta. Bull. 219, 1919.
(7) Hurcunson, H. B,, and MirLer, N. H. J,
Di{;aclt éﬁilmilation of. Ammonium by Plants. Rothamsted Memoir,
ol. .
(8) Lawgs and GILBERT.
o) Rothamsted Memoirs, Vol. V, Fertility.
The Rothamsted Experiments, over 50 years.
{10) MriLLEr and KRUSEKOPF.
Manual of the Principal Soils of Missouri, Mo. Agr. Exper. Sta., 1921.
(11) MiiLer, M. F., and HubeLson, R. R.
Mo. Age. Efxper. Sta. Buli. 182, 1921.
(12) Onro Aar. EXPER. STA.
Bull. 336, 1919.
(13) Omio Agr. ExpER. Sta. publications.
Bulletins, Nos. 184 and 336.
Clrculars, Nos. 83, 92, 104, 114, 120, 131, and 144.
{14) ProtuEro, R. E.
English Farming Past and Present, 1917.
{15) RoTaaMsTED ExPERIMENT STATION publications.
‘ (@) Lawes and Gilbert, Rothamsted Memoirs, Vol. III,
(b) La?rgeg and Gilbert, The Rothamsted Experiments, over 50 years,

: 5. ! . :

(¢) Memoranda of the Plan and Results of the Rothamsted Field Re-
sults, 1855-1889.

(d) Memoranda of the Origin, Plan and Results of the Field and Other
Experiments at Rothamsted, 1899-1901,

O] ’I‘hias9 &tlh&;gsted Fleld Experiments, Plans and Summary Tables,

6)) Ro{%ggﬁns{g% Experiment Station, Guide to Experimental Plots,

g .

() Rothamsted Experimental Station, Annual Supplement to Guide to
the Experimental Plots, 1906 ,1907.

) Rothamsfed Experimental Station, Annual Report, with the Sup-
plement to the Guide to the Experlment Plots, 1908-1922.

N e
Report 1921-22,
(17) SeiLuman, W. J.
Distribution of Types of Farming in the United States, U. S. Depart-
ment of Agriculture Farmers’ Bulletin No, 1289.
{18) Stornr-Best, LuoYp. - '
‘ Varro on Farming, translation, London, 1912,

ADDITIONAL COPIES
OF THIS PUBLICATION MAY BE PROCURED FROM
THE SUPERINTENDENT OF DOCUMENTS
GGVERNMENT PRINTING OF¥FICE
WASHINOTON, D, C.

AT
15 CENTS PER COPY



